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SUMMARY
Regions containing gradients of vertical flow are often associated with sharp
changes in hydrographic and biochemical water properties in coastal marine ecosys-
tems. Often these are sites of dense plankton aggregations of critical ecological impor-
tance. This study is concerned with the behavioral response of various ecologically-
important species of zooplankton to finescale gradients of vertical velocity in an effort
to determine the extent to which individual behavioral responses to physical cues on
the finescale (< 1 m) have the potential to drive ecological processes in the coastal
ocean on the submesoscale (< 1 km). Extrapolating from individual behavior to pop-
ulation scale phenomena helps shed light on the factors regulating the spatiotemporal
distribution of coastal marine ecosystem productivity. The ability to resolve and pre-
dict the spatiotemporal distribution of productivity in the highly dynamic coastal
marine environment provides a crucial tool for accurately modeling and managing
sustainable fisheries for generations to come.
A recirculating flume apparatus with a laminar, planar free jet (the Bickley jet)
was used to create finescale gradients of fluid velocity (shear) in both upwelling and
downwelling configurations for zooplankton behavioral assays. Particle image ve-
locimetry (PIV) was used to fully resolve the velocity fields allowing us to fine-tune
experimental parameters to match fluid mechanical conditions commonly measured in
the field. Zooplankton behavioral assays with two tropical calanoid copepods, Acar-
tia negligens and Clausocalanus furcatus, an estuarine mysid, Neomysis americana,
and the larvae of an estuarine mud crab, Panopeus herbstii, were conducted in con-
trol (stagnant), upwelling, and downwelling flow configurations. Finally, statistical
xiii
analyses (ANOVA) of individual zooplankton trajectories revealed the potential for
individual behavioral responses to persistent finescale vertical shear layers to produce
population scale aggregations, which is proposed here as a mechanism of patchiness
in coastal marine ecosystems.
Results from behavioral analyses reveal species-specific threshold shear strain rates
that trigger individual behavioral responses. Furthermore, results show statistically
significant changes in behavior (relative swimming speed, turn frequency, heading)
for all species tested in response to a coherent shear structure in the form of finescale
upwelling and downwelling jets. The results show that changes in individual behav-
ior can increase Proportional Residence Time (PRT = percent time spent in the jet
structure). On a population scale, the increase in PRT can lead to dense aggrega-
tions around persistent flow features, which is consistent with numerous field studies.
These dense, patchy aggregations of zooplankton have profound trickle-up ecological
consequences in coastal marine ecosystems.
In summary, the results of this study indicate that shear-triggered depth-keeping
behavior and aggregation around persistent vertical flow structures by individual
zooplankters is likely a ubiquitous behavior among the zooplankton. These behaviors,
at a variety of spatiotemporal scales and for a variety of ecological reasons, may act as
mechanisms which produce considerable patchiness both vertically (by depth-keeping
behavior) and horizontally (by aggregation around frontal features) in estuarine and
coastal marine ecosystems. It is likely that gradients of vertical velocity may act as
an initial mechanosensory cue for zooplankters to optimize habitat partitioning and




The patchy nature of primary and secondary productivity in coastal marine ecosys-
tems has been well known and documented for the past 50 years. From the ocean
basin scale (∼ 10, 000 km) to the viscous damping range (∼ 1 mm), physical forc-
ing and individual plankton behavior synergize to produce spatially and temporally
coherent regions of extreme productivity engulfed in a vast marine desert, which is
commonly referred to as patchiness. Coral reefs have a unique ability to retain high
concentrations of phytoplankton, zooplankton and nutrients (Yahel et al. 1998) as
oases of intense diversity, productivity, and dynamism (Odum and Odum 1955) in
the marine landscape. Similarly, oceanographic fronts have long been known as eco-
logical hotspots of enhanced productivity, with cascading ecological effects (Largier
1993). Finally, recent advances in acoustic and optical instrumentation have revealed
vertically-thin, high-density plankton layers which are most often associated with hy-
drographic structure (pycnocline, thermocline, etc.), dubbed thin layers (Cowles et al.
1993, Dekshenieks et al. 2001, McManus et al. 2003). In all cases, it is the unique
coupling of physical forcing and individual plankton behavior across vast spatiotem-
poral scales that interact to create highly patchy plankton distributions and govern
spatiotemporal productivity dynamics. Patchiness in coastal marine ecosystems has
profound ecological consequences, and thus quantifying basic mechanisms that have
the potential to generate patchiness is fundamental to modeling and managing marine
fishery resources.
Biophysical coupling refers generically to the coupling of biological (and/or related
chemical) effects and physical forcing that produces patchiness across a wide range
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of spatial scales in coastal marine ecosystems. Physical forcing mechanisms may
include turbulent mixing, stratification, pycnocline/thermocline dynamics, internal
wave processes, free shear flows, mesoscale currents, Langmuir circulation, and up-
welling dynamics. Similarly, biological and chemical mechanisms at work may include
differential phytoplankton growth and zooplankton grazing, ontogenetic and diel ver-
tical migrations, passive settling of phytoplankton along isopycnals, cue sensing, and
foraging behavior among zooplankton. Quantifying the individual and interactive ef-
fects of the various physical and biochemical factors at work at the correct spatial and
temporal scales is fundamentally important to accurately assessing the full ecological
implications of patchy productivity.
Major advances in acoustic and optical instrumentation in the past 15 years
(Cowles et al. 1998, Holliday et al. 1998, Jaffe et al. 1998, Holliday et al. 2003)
have greatly increased our ability to detect, observe, and resolve patchy productivity
in situ. This has enabled laboratory investigations to isolate possible mechanisms
of patchiness and quantify their effects on plankton behavior. With care, these re-
sults can be accurately scaled and extrapolated to the ecosystem-level with relevance,
specifically through the linkage of finescale (< 1 m) individual behavioral processes
and submesoscale (10s to 100s m) forcing mechanisms that underlay the spatiotem-
poral distribution of marine fishery productivity (Figure 1.1).
The present study has employed various tools from experimental fluid
mechanics to build a fully-resolved laboratory model of a finescale up-
welling/downwelling jet (vertical shear layer). Behavioral assays have al-
lowed us to quantify the effect of persistent shear layers, common features
in coastal marine ecosystems, on zooplankton behavior. Results indicate










































The present study is concerned with the behavioral response of various species of
zooplankton to finescale gradients of vertical velocity in an effort to determine the
extent to which individual behavioral responses to physical cues on the finescale
(< 1 m) have the potential to drive ecological processes in the coastal ocean on the
submesoscale (< 1 km). Extrapolating from individual behavior to population scale
phenomena will ultimately shed light on the factors regulating the spatiotemporal
distribution of coastal marine productivity. The ability to resolve and predict the
spatiotemporal distribution of productivity in the highly dynamic coastal marine
environment provides a crucial tool for accurately modeling and managing sustainable
fisheries for generations to come.
Thus, the topics reviewed here are chosen to provide the necessary physical and
biological background as well as the relevant ecological context: patchiness in coastal
marine ecosystems, zooplankton sensory ecology, and some useful concepts from fluid
mechanics.
2.1 A Case Study in Patchiness: Thin Layers
Thin layers are one of the most ecologically significant and research-inspiring sub-
jects that have risen out of the interdisciplinary study of oceanographic processes
in the past 15 years. The term thin layer in the context of biological and physical
oceanography is more or less synonymous with biophysical coupling and has come
to be defined as spatially coherent plankton patches (marine snow, bacteria, phy-
toplankton, zooplankton, icthyoplankton) in which biomass can be several orders of
magnitude greater than the water column immediately above or below the layer. Thin
4
layers range in thickness from a few centimeters to a few meters vertically, span up
to square kilometers horizontally, and can persist for days. Thin layers most often
correspond with structure in the ocean associated with vertical gradients of physical,
chemical and biological properties in the water column (Dekshenieks et al. 2001).
They are a widespread phenomenon occurring in virtually all marine environments
where conditions are favorable including fjords, river mouths, continental shelves, and
shelf basins (McManus et al. 2003). The extremely dense aggregation of biomass in
thin layers has profound implications on the health and vitality of marine ecosystems,
specifically through its linkage of fine scale (< 1 m) individual behavioral processes
and submesoscale (10s to 100s m) processes that underlay the spatiotemporal dis-
tribution of marine fishery productivity. The coupling of biochemical effects and
physical forcing that drives thin layer dynamics are qualitatively applicable to many
other regions of patchy productivity, from coral reefs to estuarine fronts to classical
upwelling systems.
Major advances in acoustic and optical instrumentation in the past 15 years
(Cowles et al. 1998, Holliday et al. 1998, Jaffe et al. 1998, Holliday et al. 2003)
have greatly increased our ability to detect, observe, and resolve thin layer struc-
tures in situ. Quantifying the various convergent and divergent processes driving
thin layer dynamics will help to ultimately evaluate the full ecological importance of
these marine oases.
2.1.1 Formation, Maintenance, and Dispersion
In order to quantify thin layer dynamics, it is helpful to apply a control volume ap-
proach when considering the physical, chemical, and biological factors that regulate
the formation, maintenance, and dissipation of thin layers. In general, these factors
can be considered convergent (they encourage layer formation) or divergent (they
5
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Figure 2.1: Thin Layers: Biophysical Coupling in the Production of High-density Plankton Patches
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encourage dispersion), and conditions are considered favorable for thin layer devel-
opment if the convergent mechanisms outweigh the divergent mechanisms (Sullivan
et al. 2010, McManus et al. 2003, Stacey et al. 2007). Similarly, thin layers will be
maintained when convergence and divergence are in balance, and they can be either
locally or entirely dispersed when divergence outweighs convergence (Birch et al. 2008,
Stacey et al. 2007).
Generally speaking, physical processes (vertical shear, turbulent mixing, strati-
fication, internal wave packets) set the stage for the formation of thin layers, and
biological and chemical processes (passive settling of phytoplankton along isopyc-
nals, active migration and swimming behavior, behavioral responses to chemical and
physical cues, foraging) are increasingly seen as the regulators of maintenance and
dispersion. For these reasons and considering that thin layers almost without ex-
ception form in the pycnocline (Dekshenieks et al. 2001, McManus et al. 2003), the
Richardson number has arisen as a baseline indicator of whether thin layer formation
is feasible or not given the present in situ hydrographic conditions. The Richardson

















Ri represents the ratio of the stabilizing effect of vertical density stratification
characterized by N to the destabilizing effect of vertical shear (Kundu and Cohen
2004). Field studies indicate that thin layers do not exist when Ri is less than
0.25 (Dekshenieks et al. 2001, Velo-Suarez et al. 2010). Somewhat unsurprisingly, the
critical value of the Richardson number for a continuously stratified flow with vertical
shear as derived from the normal modes linear stability analysis is 0.25 (Drazin and
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Reid 1981). Thus, we see close biophysical coupling in the necessity of turbulent
mixing to be suppressed and stratification maintained (Ri > 0.25) to promote thin
layer formation.
Various convergence mechanisms can act in concert to encourage the formation
of a thin layer when the Richardson number criteria for the formation of a thin layer
(Ri > 0.25) is met. For a comprehensive overview of proposed thin layer formation
mechanisms summarized below, see Cheriton et al. (Cheriton et al. 2009). Several au-
thors have highlighted the importance of the ability of phytoplankton to self-regulate
buoyancy and thus maintain vertical position along a given isopycnal in the formation
of thin layers (Derenbach et al. 1979, Franks 1992, Alldredge et al. 2002). Addition-
ally, various mechanisms that generate vertical shear such as current jets, the passage
of internal waves, and horizontal intrusions can act to vertically compress and thin
an existing plankton layer (Franks 1995, Ryan et al. 2008). More recently, Durham et
al. (Durham et al. 2009) proposed a biophysical mechanism by which the combina-
tion of phytoplankton motility and vertical shear can trigger thin layer formation in
what they termed gyrotactic trapping. A major biophysical/biochemical mechanism
important in thin layer formation is motile plankton actively aggregating in response
to physical and chemical cues in the ecological context of foraging, mate-seeking,
and predator-avoidance (Leising 2001, Dekshenieks et al. 2001, McManus et al. 2003,
Woodson et al. 2005, Woodson et al. 2007, Benoit-Bird et al. 2010, Moline et al.
2010). Finally, purely biological mechanisms such as in situ phytoplankton blooms,
differential grazing, and swimming behavior can also play important roles in thin
layer formation (Cowles et al. 1998, Alldredge et al. 2002, Holliday et al. 2003).
Once a thin layer is formed, a complex balance between the competing conver-
gent and divergent physical, biological, and chemical processes plays out across a
wide range of spatiotemporal scales. Gallager et al. (Gallager et al. 2004) found
that plankton aggregations were sustained only when the Motility Number (Mn =
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Uswim/Urms = plankton swimming speed / RMS of turbulent velocity fluctuations)
was greater than 3, which essentially shows that plankton swimming behavior must
dominate physical forcing for thin layers to be maintained. Similarly, Steinbuck et
al. (Steinbuck et al. 2009) found that high dinoflagellate swimming speed was re-
quired to overcome the effects of turbulent mixing during thin layer formation, but
once the layer was formed reduced swimming speed was required for layer mainte-
nance. Benoit-bird et al. (Benoit-Bird et al. 2009, Benoit-Bird et al. 2010) showed the
importance of predation on shaping thin layer thickness, edge shape, and intensity.
Finally, Cheriton et al. (Cheriton et al. 2009) document the importance of internal
wave propagation in the convergence (thinning) and divergence (thickening) of an
existing thin layer structure. Thus, it is clear that biophysical interactions in thin
layer maintenance are complex and diverse, and a holistic understanding of these in-
ternal linkages can only be gained through systematic laboratory studies that isolate
and quantify the effects of various interactions over the correct spatial and temporal
scales.
Organism behavior and turbulent mixing act together to dissipate a thin layer
structure at some point. Shoaling and vertical displacement of the thermocline/pycnocline,
animal migration out of the layer, turbulent mixing, and intense predation can bring
about the end of a thin layer structure. Additionally, large scale changes in water
column shear and stratification, as well as smaller scale events such as the passage of
internal wave packets can act to partially or entirely dissipate a thin layer (Sullivan
et al. 2010). Various modeling studies have sought to quantify the dynamic balance
between convergent and divergent mechanisms (Stacey et al. 2007, Birch et al. 2008).
In summary, formation, persistence, and dispersion of thin layers lie at the in-
tersection of physical forcing and plankton behavioral responses to discontinuities in
the water column associated with physical and chemical gradients. High-resolution,
biologically-physically coupled field studies documenting various aspects of thin layer
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structures in situ abound in the literature (Derenbach et al. 1979, Cowles et al. 1998,
Dekshenieks et al. 2001, McManus et al. 2003, Sutor et al. 2005, Cheriton et al.
2007, Cheriton et al. 2009, Benoit-Bird et al. 2009, Moline et al. 2010), and have
highlighted the importance of understanding the correct biological (growth, preda-
tion, cue sensing, foraging, etc.) and physical (thermocline and pycnocline dynamics,
internal waves, vertical shear, turbulent mixing) mechanisms at the correct spatial
and temporal scales. However, there is still a decided lack of well-designed laboratory
studies that have the potential to extrapolate the ecological implications of thin layer
phenomena to the fisheries scale.
2.1.2 Ecological Implications
Well-designed laboratory studies isolate various biological and physical factors im-
portant in thin layer dynamics and quantify the potential of these effects to ripple
up through the trophic system. Quantifying zooplankton behavioral responses to in-
dividual and combined factors such as velocity gradients (shear strain rate), density
gradients (salinity, temperature), and chemical gradients (phytoplankton, chemical
exudates, etc.) typical of in situ conditions is undoubtedly fundamental to our un-
derstanding of thin layer dynamics. This information provides the crucial connection
between individual behavioral processes and ecological processes on the submesoscale,
which drive marine ecosystem productivity. A few key studies, which have highlighted
the ecological importance of thin layer dynamics, are considered below.
Early work by Tiselius (Tiselius 1992) utilized weak density stratification to create
finescale patches of a diatom, Thalassiosira weissflogii, and to assess behavioral re-
sponses of a calanoid copepod, Acartia tonsa. He found that A. tonsa can utilize den-
sity differences and/or phytoplankton chemical exudates to perform area-restricted
searches and remain in the high density phytoplankton patch.
Bochdansky and Bollens (Bochdansky and Bollens 2004) investigated changes in
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the spatial distribution and physiological processes of the calanoid copepod Acartia
hudsonica in response to differing spatial and temporal distributions of a thin layer of
the diatom Skeletonema costatum. The study found that the distribution of copepods
showed a significant, but ephemeral change in response to thin diatom layers. The
copepods, given a choice, will preferentially swim through the layer of diatoms rather
than around. Also, the thin layer significantly influenced the depth at which the
copepods were distributed. The authors note that the aggregative force of the thin
layers on the copepods could be the result of an area-restricted search strategy where
the copepods increase their turn angles and decrease their hop size to maintain their
position in the food patch, which is consistent with previous research (Tiselius 1992).
These experimental results further established that copepod behavioral responses
toward food patchiness are species-, food type-, and feeding history-dependent.
The same laboratory setup was used by Clay et al. (Clay et al. 2004) to determine
if the vertical distributions of 5 and 10 day old Pacific herring (Clupea pallasi) larvae
are affected by thin layers of highly concentrated rotifers (Brachionus plicatilis) and
density stratification. They found that the peak abundance of herring larvae occurred
at the thin layer when density stratification was present. This result suggests that
thin layers, which by nature include a physical signature (density jump, shear strain
rate, etc.), drive the vertical distribution of larvae rather than just food patches in
general.
Both of the previous two studies suggested further laboratory modeling over rele-
vant spatial and temporal scales, in which individual and combined biological, chem-
ical, and physical cues can be presented with the resulting zooplankton behavioral
responses quantified. Further laboratory studies should specifically investigate how
organisms orient themselves within thin layers, specific environmental cues, and in-
dividual behavioral responses that act as mechanisms for the formation of, and the
aggregation at, thin layers.
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Ignoffo et al. (Ignoffo et al. 2005) examined the effect of food patches and strat-
ification on the behavior of the rotifer Brachionus plicatilis. They found that the
rotifers aggregated around food patches and dispersed once the patch was depleted.
Furthermore, rotifers selectively chose thin layers based the type of food present and
aggregated at density gradients without food presence. Again, this suggests the im-
portance of not only biological cues (food) but physical cues in producing zooplankton
aggregations, the combination of which is found in thin layers.
Perhaps the most exhaustive and quantitative thin layer laboratory study to date
was conducted by Woodson et al. (Woodson et al. 2005, Woodson et al. 2007).
Using a laminar planar jet in a recirculating flume, the behavioral effects of isolated
and combined velocity and density gradients, and thin layers of phytoplankton (cells
and/or metabolic exudates) were quantified for two calanoid copepods, Acartia tonsa
and Temora longicornis. Copepods were exposed to both isolated and combined
cues and the behavioral responses of the copepods to each treatment scenario were
quantified in terms of relative swimming speed and turn frequency pre- and post-
contact with the treatment layer, as well as proportional residence time (PRT =
time spent in the treatment layer / total time of observation). In both species,
sharp density gradients acted as barriers to vertical migration. Additionally, they
found that both species increased swimming speed and turn frequency for the velocity
gradient and chemical exudate treatments in order to remain in the thin layer, thus
increasing PRT . The presence of chemicals (cells or exudates) was shown to enhance
the behavioral response induced by the velocity gradient alone. These results are
consistent with an excited area-restricted search mechanism found in previous studies
(e.g., Tiselius 1992). Thus, a cue hierarchy can be established where velocity gradients
act as an initial cue for decreasing search area, and additional cues such as chemical
exudates increase the aggregative effect. The fully quantified, interactive effects of
various physical and biological cues in this study on a species-specific basis make
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it particularly useful in understanding the complex biophysical interactions in thin
layers, and in extrapolating these results to the ecosystem level with relevance.
In summary, it is the unique combination of biochemical gradients and physical
structure in thin layers that combine to produce these high-biomass drivers of coastal
marine productivity. Individual organisms exploiting the highly concentrated, coin-
cident sensory information can produce population scale aggregations with profound
trickle up trophic consequences.
2.2 Zooplankton Life History, Morphology, and Sensory
Ecology
Zooplankton, like all plankton, live in an aquatic environment in which their primary
goals are three-fold: to eat, to not be eaten, and to reproduce, each being mediated by
fluid mechanical and chemical sensory cues. Thus, the ability of an organism to detect
and respond to the highly dynamic transport of momentum, heat, and chemicals in
the ocean over various spatial and temporal scales will dictate the life success of that
organism.
The aim of the present study is to quantify behavioral responses of a diverse
group of zooplankters to a single physical sensory cue (shear strain rate) in the form
of ecologically-relevant gradients of vertical flow. Thus, the subjects reviewed in
this section give a brief overview of zooplankton mechanosensing, as well as a few
illustrative examples in the zooplankton. Finally, the life histories and morphology
of each animal from the present study, two calanoid copepods, a mysid shrimp, and
a mud crab larvae, will be considered before special attention is given to the sensory
ecology; that is, what is known about the way that these organisms gather and
respond to physical (fluid mechanical) cues in their marine environments.
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2.2.1 Mechanosensing: The Velocity Gradient Tensor
There are multiple fluid mechanical cues a zooplankter could sense in any flow field,
namely acceleration, vorticity, and deformation (e.g. Kundu and Cohen 2004). A gen-
eral three-dimensional velocity gradient, ∂ui/∂xj , can be decomposed into rotational
and irrotational components, the strain rate tensor, eij , and the rotation tensor, rij ,


































































































































































The strain rate tensor can be thought of as the relative velocity due to pure de-
formation and can itself be decomposed into the normal strain rate terms (diagonal
terms) and the shear strain rate terms (twice the off-diagonal terms). The rotation
tensor can be thought of as the relative velocity due to fluid rotation, which can be
succinctly described by the vorticity vector ωk as in Equation 2.5. Thus, any three-
dimensional velocity field can be thought of as the superposition of rotational and
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deformational flow components, and the ability of a zooplankter to distinguish be-
tween flow components allows it to distinguish say the suction force from a predator
(Holzman and Wainwright 2009) versus the fluid mechanical signature of a phyto-
plankton cell entrained in its own feeding current (Strickler and Balazsi 2007). The
type of flow component most important in triggering behavioral responses in various
zooplankton species is an important piece of quantitative data that allows for the cou-
pling of hydrodynamically-characterized environments and individual and population
scale zooplankton behavior.
Copepods, and many crustacean zooplankton, are able to sense spatial gradients
of flow via an array of mechanosensory hairs, or setae, which are located along the
entire body but are most highly concentrated on the antennules (Yen et al. 1992,
Fields et al. 2002) (see Figure 2.2). Bending or deformation of setae caused by
fluid flow relative to the body generates neural signals, providing the bridge between
hydromechanical signal and behavioral response (Fields et al. 2002). Thus, for a
copepod to gain useful information about the hydrodynamic environment around it
there must be relative fluid motion around the copepod (i.e. it cannot be simply
passively advected in uniform flow). The morphological similarities between calanoid
copepods and other crustacean zooplankton, such as decapod crab larvae and mysids,
as well as the overwhelming circumstantial evidence in the literature, make a strong
case for the generalization of qualitative findings from the copepod mechanosensory
literature to other crustacean zooplankton.
Early work by Yen et al. (Yen et al. 1992) laid the foundation for quantifying
the effects of fluid mechanical cues on zooplankton behavior. The calanoid copepods
Labidocera madurae and Acartia fossae were exposed to controlled mechanical stim-
uli via a waveform generator. Via monitoring neural activity, both copepods were






Figure 2.2: Mechanosensitive Setae Distributed Along the Anntennae of Acartia
negligens
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increasing stimuli frequency. Displacements as small as 10 nm and displacement ve-
locities as small as 20 µm/s were enough to trigger neural responses. They concluded
that copepod setae may be explicit velocity sensors, they are capable of sensing closely
spaced stimuli, responses are dependent upon stimuli frequency and duration, and re-
ceptors can supply directional information. Since this foundational study, much effort
has gone into understanding the bridge between neural and behavioral thresholds as
well as identifying the most behaviorally important fluid mechanical cue.
In detailed experiments by Kiørboe et al. (Kiørboe and Visser 1999, Kiørboe et al.
1999), the copepod Acartia tonsa was systematically exposed to each isolated fluid
mechanical cue (deformation rate, vorticity, and accelartion) and behavioral responses
were gauged. Acceleration and vorticity were determined to be largely unimportant
cues, with more intense focus warranted for the importance of deformation rate in
eliciting behavioral responses from copepods. Threshold escape behavioral responses
to pure deformation ranged from 1.19 to 2.49 s−1. These studies largely focused the
ensuing literature to investigations of the effects of threshold fluid deformation rates in
eliciting escape responses. Table 2.1 summarizes quantitative threshold deformation
rates that elicit copepod escape responses reported in the literature.
The threshold deformation rates reported in Table 2.1 elicit escape responses in cope-
pods. Behavioral responses other than escapes have also been observed in a few
studies. Strickler and Balazsi (Strickler and Balazsi 2007) found that copepods were
capable of distinguishing the source of a hydrodynamic disturbance (prey, predator,
mate, etc.) based on the strength of the hydrodynamic disturbance. This suggests
that different types of behavioral responses to different types and magnitudes of
various hydrodynamic signals are likely in the zooplankton. Manifestations of other
behavioral responses to a threshold deformation rate could include increased turn fre-
quency and swimming speed consistent with area-restricted foraging behavior. This
17








Haury et al. (Haury et al.
1980)
Polyathra remata, Rotifer 2.0 – 3.1
Kirk and Gilbert (Kirk and
Gilbert 1988)
Acartia hudsonica 0.80
Yen and Fields (Yen and Fields
1992)
Euchaeta rimana 2.4
Fields and Yen (Fields and Yen
1997)
Pleuromamma xiphias 4.6
Fields and Yen (Fields and Yen
1997)
Labidocera madurae 6.3
Fields and Yen (Fields and Yen
1997)
Acartia tonsa, Adult 0.38
Fields and Yen (Fields and Yen
1997)
Acartia tonsa, Nauplii 0.38
Fields and Yen (Fields and Yen
1997)
Oithona spp. 3.8
Fields and Yen (Fields and Yen
1997)
Eurytemora affinis 1.9
Viitasalo et al. (Viitasalo et al.
1998)
Acartia tonsa 1.19 – 2.49
Kiørboe et al. (Kiørboe et al.
1999)
Temora longicornis, Nauplii 2.78 – 3.96 Titelman (Titelman 2001)
Eurytemora affinis, Nauplii 1.88 – 2.65
Titelman and Kiørboe (Titel-
man and Kiørboe 2003)
Euterpina acuftifrons, Nauplii 1.92 – 4.25
Titelman and Kiørboe (Titel-
man and Kiørboe 2003)
Calanus helgolandicus, Nauplii 0.52 – 3.24
Titelman and Kiørboe (Titel-
man and Kiørboe 2003)
Centropages typicus, Nauplii 2.60 – 2.79
Titelman and Kiørboe (Titel-
man and Kiørboe 2003)
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was shown by Woodson et al. (Woodson et al. 2005) with species-specific behavioral
strain thresholds ranging from 0.015 - 0.06 s−1 for the calanoid copepods Acartia
tonsa and Temora longicornis. Importantly, these threshold values are one to two
orders of magnitude lower than thresholds that induce escape responses and one to
two orders of magnitude higher than neural response thresholds (Yen et al. 1992).
Other important findings in the copepod mechanosensory literature have high-
lighted the effects of animal size and setal sensitivity (Kiørboe et al. 1999), the im-
portance of resolving fluid signals at the setal location (Jiang et al. 2002), and the
effects of body orientation with respect to the fluid mechanical signal (Fields 2010).
2.2.2 A Closer Look at a Few Zooplankters
A theme in the sensory ecology literature is the idea of a cue hierarchy in triggering
changes in behavior (Tumlinson et al. 1993, Vet 1999). A cue hierarchy explains
the relative importance of various types of sensory cues (physical and chemical) in
triggering behavioral responses in relation to one another. For example, Woodson
et al. (Woodson et al. 2007) found that velocity gradients (shear) act as an initial
cue to restrict search area in a foraging copepod. The addition of chemical cues
enhances the response and allows the copepod to hone in on a particular resource
patch with greater effectiveness. The idea of a cue hierarchy is ever present in the
life cycle of a zooplankter and is particularly helpful when considering zooplankton
sensory ecology. The three zooplankters considered below are particularly relevant to
the present study and illustrate the use of cue hierarchies in a variety of habitats as
a means of adaptive life strategy.
2.2.2.1 Calanoid Copepods: Life History and Morphology
Crustaceans of the subclass Copepoda are collectively the most numerous multicel-
lular organisms on earth, ranging in size from 0.5 - 12 mm. There are ten orders of
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copepods with 200 families, 1650 genera, and some 11,500 known species (Mauch-
line 1998). Perhaps the best-known and most studied family is Calanoida, primarily
pelagic marine copepods.
Calanoid copepods reproduce sexually before hatching from eggs and going through
a series of larval stages that culminate in the final adult stage. Almost all calanoid
copepods hatch into the first nauplius stage (NI) and molt five times into the NVI
stage. Following the NVI stage, calanoids enter the initial copepodid juvenile stage
(CI), which, after five more molts, results in the adult stage (CVI) (Mauchline 1998).
Adult calanoid copepods have bodies that are made up of three main regions: the
urosome (tail), the five-segmented metasome (body), and the cephalosome (head).
Paired appendages along the body aid swimming, prey detection and capture, and
mating, whereas antennae and antennules emanating from the head region are cov-
ered in mechanosensitive setae responsive to displacements on the nm scale (Yen et al.
1992, Mauchline 1998). Additionally, chemosensors are distributed along the cephalic
appendages (Paffenhöfer 1998). Various species of calanoids can be distinguished by
differences in body and appendage morphology and swimming behavior as illustrated
in Figures 2.3 and 2.4.
As the largest collective of multicellular organisms on earth and direct consumers
of primary producers, copepods are an integral component of the marine ecosystem
and are critical in understanding the spatiotemporal distribution of productivity in
the world’s oceans.
2.2.2.2 Calanoid Copepod Sensory Ecology
“The Paradox of the Plankton” as proposed by G.E. Hutchinson (Hutchison 1961)
asked how a number of similar species competing for similar, limited resources in
an isotropic, homogeneous environment could survive. The answer is: they do not.
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Figure 2.3: Various Calanoid Morphologies from Mauchline (Mauchline 1998)
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Figure 2.5: Acartia negligens collected in the Gulf of Aqaba, Red Sea, near Eilat,
Israel (photo by Ellen True)
Clausocalanus furcatus
1mm
Figure 2.6: Clausocalanus furcatus collected in the Gulf of Aqaba, Red Sea, near
Eilat, Israel (photo by Ellen True)
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The environment is in fact patchy at finescales (< 1m), and plankton use cue hi-
erarchies in locating isolated resource patches. For calanoid copepods, foraging and
feeding behavior are driven by mechano- and chemoreception in an effort to locate
resource patches. Field studies by Mullin and Brooks (Mullin and Brooks 1976) found
that the copepod Calanus pacificus would not be able to survive in the water col-
umn except at a preferential depth with concentrated food resources. Similarly, Daro
(Daro 1988) found that a dominant copepod species was food limited at most depths
and that minimum concentrations necessary for survival (200 mg Cm−3) were only
found in one narrow depth range between 20 and 30 m. Furthermore, massive in
situ evidence for microscale patchiness (Derenbach et al. 1979, Cowles et al. 1993,
Jaffe et al. 1998) shows that often limited food resources inhibit copepod growth and
thus copepods must be able to actively locate and exploit isolated resource patches
in order to survive. Indeed, the idea of area-restricted search behavior (Tinbergen
et al. 1967) in individuals through decreased swimming speed and increased turn fre-
quency can often produce population-scale aggregations. Many species of copepod
including Pseudocalanus minutus (Buskey 1984), Temora longicornis and Pseudo-
calanus elongans (Tiselius and Jonsson 1990), and Acartia tonsa (Tiselius 1992), are
observed to decrease swimming speed (or hop frequency) when encountering food
patches. Leising et al. (Leising et al. 2005) also note predation risks for a foraging
copepod exploiting different portions of the water column, and modeling studies by
Leising and Franks (Leising and Franks 2000, Leising and Franks 2002) examined
the effect of food concentrations and patchiness on copepod swimming behavior and
found behavior consistent with area-restricted foraging.
In addition to habitat partitioning, prey capture and predator detection and avoid-
ance behaviors also are stimulated by a variety of chemical and fluid mechanical cues.
Whereas there are many types of feeding behavior (Kiørboe 2011), one option is
for copepods to set up a complex three-dimensional feeding current to entrain remote
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phytoplankton cells (Malkiel et al. 2003) and sense hydrodynamic (Kiørboe and Visser
1999) and chemical (Paffenhöfer 1998) signals to accept or reject incoming particles.
Fields and Yen (Fields and Yen 1997, Fields and Yen 1997) quantified threshold shear
strain rate values that triggered escape responses in various calanoid copepods (Table
2.1). Viitasalo et al. (Viitasalo et al. 1998) examined the effect of predator forag-
ing technique and copepod sensitivity in the hydrodynamic signal perception of an
ensuing strike, whereas Holzman and Wainwright (Holzman and Wainwright 2009)
performed a quantitative PIV analysis of suction forces and signal perception in fish
feeding on copepods.
Another important behavior mediated by the generation and perception of chem-
ical and fluid mechanical signals is reproductive and mating behaviors. Yen et al.
(Yen et al. 1998) observed male calanoids tracking pheremone trails left by females.
They discuss the importance of chemical and fluid mechanical signal persistence by
quantifying diffusivities for the chemical cue. In fact, the low Re and low Pe regime
was found to be significantly important in the success of the male in locating the
female. Similarly, Bagøien and Kiørboe (Bagøien and Kiørboe 2005, Bagøien and
Kiørboe 2005) observed mating behavior in two calanoid copepods. In Acartia tonsa,
a hop-sink swimmer, mating appeared to be controlled by fluid mechanical signals
as a series of 7 - 8 synchronized hops often ended in mating (Bagøien and Kiørboe
2005). On the other hand, for Centropages typicus, a cruiser, mating appeared to
be chemically-mediated, as males were observed to accelerate and zig-zag across the
females pheromone trail (Bagøien and Kiørboe 2005). Thus, individual species of
copepods with different morphologies can best exploit their own sensing abilities to
optimize the mating process.
Finally, habitat partitioning through diel vertical migration (DVM) and behav-
ioral responses to fluid mechanical, chemical, and phototactic cues can have signifi-
cant trophic consequences. Many calanoid copepods, like many other zooplankters,
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are diel vertical migrators, i.e. they exhibit large changes in depth on a diel cycle
driven by photactic cues (Enright and Hamner 1967). When vertical migratory be-
havior is superimposed on the physical structure of the water column and coupled
with individual behavioral responses to patchy cues, population-scale, high-density
aggregations can results. Early experiments by Harder (Harder 1968) on a variety of
zooplankton showed that almost every species tested aggregated at salinity and/or
temperature interfaces (i.e., the pycnocline). Field work by Mackas et al. (Mackas
et al. 1993) showed multiple species of copepods aggregating in the layer just above the
permanent halocline. Interestingly, depth-distribution was species-segregated. Bol-
lens et al. (Bollens et al. 1994) tested the effects of a variety of mechanical, chemical,
and visual cues in producing patchy aggregations of the copepod Acartia hudsonica.
Genin et al. (Genin et al. 2005) acoustically tracked over 375,000 zooplankters over
a coral reef in the Red Sea and observed active behavioral choices to swim against
vertical flows and thus maintain depth that on a population scale could lead to dense
aggregations. Finally, Pierson et al. (Pierson et al. 2009) documented that copepods
make periodic forays into deeper waters throughout the night, suggesting a higher
frequency component to classical conceptualization of DVM.
In summary, many aspects of a calanoid copepod’s life are dominated by behav-
ioral responses to hydrodynamic (Jiang et al. 2002), chemical (Poulet and Ouellet
1982), and phototactic (Bollens et al. 1994) cues. The way in which behavioral re-
sponses change when multiple cues are combined leads to the idea of a cue hierarchy
and provides a basic tool for quantifying the ecological implications of individual
behavior.
2.2.2.3 Mysids: Life History and Morphology
Crustaceans of the order Mysidacea are shrimp-like organisms that occur in vast
numbers and diversity in the world’s coastal oceans. There are 780 known species of
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Figure 2.7: Body Morphology of a Typical Mysid Species from McLaughlin
(McLaughlin 1980)
mysids, distributed among 120 genera. Individual species can be identified by differ-
ences in external morphology, such as the structure of thoracic legs, antennal scales,
and other appendages, all of which are shrimp-like in morphology (Figure 2.7). They
have fan-shaped tails emanating from a multi-segmented abdomen that terminates in
the carapace, upon which are set two compound eyes. Thoracic appendages emanate
from the abdomen, and by beating the exopodites on these appendages mysids gen-
erate both propulsion and circulation for respiration. Emanating from the head are
antennules and antennae covered in mechanosensitive setae allowing mysids to skill-
fully navigate the dynamic estuarine environment (Clutter 1969, Mauchline 1980,
McLaughlin 1980).
Statocysts on thoracic appendages can detect acceleration and joint receptors are
sensitive to vibrations (Clutter 1969). Position and movement sensing setae can be
divided into three classes, all of which are responsive to both tacticle and hydrody-
namic stimuli: setulate sensilla, simple setae, and bifid setae and/or rake-ended setae.
Deformation of setae due to qualitatively described strengths of tactile and hydro-
dynamic stimuli are identical, although the deformations are all characteristic of the
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setal type, being manifest by increased curvature of the shaft (Crouau 1986). Lastly,
the bridge between neural and behavioral responses occurs as the initial reception
of a mechanical stimulus is transmitted, amplified, and transduced into an electrical
signal (Crouau 1982).
The vast diversity of mysid behavior and morphology can be attributed to the wide
spectrum of habitats in which various species dwell, from meso-, bathy- and epipelagic
marine environments to coastal/neritic, littoral, and even freshwater/brackish envi-
ronments (McLaughlin 1980).
2.2.2.4 Mysid Sensory Ecology
Neomysis americana is the most abundant mysid in the estuaries of the western
Atlantic from Nova Scotia to Argentina, and serves a crucial role in estuarine and
coastal trophic transfer as an emerger (Schiariti et al. 2006, Sato and Jumars 2008).
Field observations by Whiteley (Whiteley 1948) show that N. americana lives in
close proximity to the surface of the sediment (the hyperbenthos) during the day,
but emerges and migrates vertically towards the water surface at night. However, a
significant portion of the population is seen to remain at depth, suggesting that N.
americana is not a true diel vertical migrator (Herman 1963). Sato and Jumars (Sato
and Jumars 2008) suggest that there is a higher frequency behavioral component of its
vertical migration most likely due to behavioral responses to changes in hydrographic
variables (salinity, temperature, tidal flow, turbidity, etc.), which have diel, tidal and
lunar rhythms that shift seasonally, resulting in a continuous vertical interchange of
the population throughout the night, or a vertical spreading of the population.
It has been suggested by Abello et al. (Abello et al. 2005), and supported by
Rudstam et al. (Rudstam et al. 1989), that emergence and vertical migration provide
mysids with increased fitness through an opportunity to feed on metabolically-rich




Figure 2.8: Neomysis americana Collected in the Damariscotta River Estuary,
Maine, USA (Photo by Rachel Lasley)
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detritus are insufficient to sustain energy-intensive activities such as egg-production,
particularly when benthic diatoms become scare in midsummer. Sato and Jumars
(Sato and Jumars 2008) describe the unique and crucial role that N. americana plays
as an emerger and vertical migrator in the estuarine environment: “Repeated, diel
emergence is a vector connecting benthic and pelagic communities through bidirec-
tional transfer of organic matter and excreted inorganic nutrients.” Furthermore, as
an omnivore feeding on detritus, phytoplankton, and zooplankton (Allen 1975, Pez-
zack and Corey 1979, Zagursky and Feller 1985) and as a crucial prey item of juvenile
fishes in many estuarine spawning grounds (Williams et al. 1973), N. americana is a
cornerstone of the estuarine trophic system.
The ability of mysids to make active behavioral responses to the physical and
chemical cues around them (shear strain rate, turbidity, salinity and temperature
gradients, dissolved organics and inorganics) gives them a distinct competitive advan-
tage. In particular, sensory cues play a crucial role in position maintenance, breeding,
predator avoidance, and foraging in the highly dynamic estuarine environment (Clut-
ter 1969). Recent field studies have shown that N. americana aggregates around
the Estuarine Transition Zone (ETZ), a region characterized by sharp gradients of
salinity, temperature, and dissolved nutrients (Schiariti et al. 2006). Furthermore,
horizontal pressure gradients driven by buoyancy forces associated with temperature
and salinity (i.e. density) gradients set up strong recirculation zones that act as re-
tention cells for everything from dissolved nutrients to planktivores (Winkler et al.
2007, Winkler et al. 2003). Thus, it is clear that N. americana actively incorpo-
rates sensory cues on the individual level, which on the population level can produce
dense aggregations, swarms, schools, and shoals (Clutter 1969, Ritz 1994, Buskey
2000). Social behavior (swarming, schooling, shoaling, etc.) acting in concert with
individual behavioral responses to discontinuities in the estuarine environment can
produce considerable patchiness in the estuarine environment (Mauchline 1980, Ritz
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1994). What is unclear, however, is the interaction among these cues and the relative
importance of each in driving individual behavioral processes that manifest on the
population scale.
Nonetheless, some physical and chemical cues important in regulating the spatial
distribution of N. americana have recently begun to be documented and undoubt-
edly include light intensity, flood and ebb tides, temperature and salinity gradients,
dissolved oxygen concentration, hydrodynamic flow fields, and hydrostatic pressure
(Mauchline 1980). Light intensity appears to be an important physical parameter reg-
ulating depth, with N. americana showing negatively phototactic behavior towards
high intensity (normal diurnal) light levels and positively phototactic behavior to-
wards low intensity light levels (Herman 1962). Rice (Rice 1964) showed that mysids
are sensitive to small changes in hydrostatic pressure. Furthermore, many species
of mysid are rheotactic, that is, they orient themselves in the direction of incoming
flow, with various species able to maintain position in flow velocities ranging from 12
- 40 cm/s, with avoidance behaviors shown for currents greater than these thresholds
(Turner and Heubach 1966, Clutter 1969, Boroditch and Havlena 1973, Roast et al.
1998, Sato and Jumars 2008). Undoubtedly, the ability of mysids to sense gradients
of velocity helps in position maintenance and avoidance of tidal displacement (Roast
et al. 1998), population organization in swarms and schools (Clutter 1969), nighttime
aggregations (Buskey 2000), and foraging success (Schiariti et al. 2006, Winkler et al.
2007).
2.2.2.5 Brachyuran Crab Larvae: Life History and Morphology
Decapod crustaceans of the infraorder Brachyura are common crabs that inhabit a
variety of aquatic ecosystems. There are 93 families of Brachyuran crabs and at least
6,793 individual species. Different species are distinguished by variations in exter-




Figure 2.9: Panopeus herbstii Collected in Wassaw Sound, Skidaway Island, GA,
USA (Photo by Ellen True)
crabs reproduce sexually, after which larvae are dispersed to feed in surface waters
as a planktonic stage during which they progress through a number of zoeal stages.
Following the final zoeal stage, larvae molt into the megalopa stage after which they
settle out to the benthic stage and molt again into the first crab (juvenile) stage (For-
ward et al. 2001). Thus, these crabs are mandatory ontogenetic migrators, that is the
vertical distribution of the population is life-stage dependent. Ontogenetic, diel, and
tidal vertical migration, along with higher frequency behavioral responses to physical
and chemical cues, superimposed on the ambient hydrodynamic environment lead to
complex larval dispersal trajectories and have important implications for structuring
coastal marine ecosystems (Queiroga and Blanton 2005).
There is vast literature on the ways in which individual behavioral responses
to various physical and chemical cues combine with physical forcing mechanisms to
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regulate dispersal and metamorphosis in planktonic larval stages (Ott and forward
Jr. 1976, Queiroga and Blanton 2005, Lecchini et al. 2010). The species employed in
this study is the estuarine Atlantic mud crab, Panopeus herbstii, and thus the focus
here will be on understanding the interactions of estuarine hydrodynamic forcing and
individual behavioral processes in regulating dispersal and settling in the planktonic
larval stages of this, and similar, Brachyuran crab.
2.2.2.6 Brachyuran Crab Larvae Sensory Ecology
The manner in which crab larvae interact with their estuarine environments is a com-
plex subject owing to behavioral variability among and within larval stages (Shanks
1986, Jamieson and Phillips 1988, Hobbs and Botsford), a wide variety of physical
forcings (Officer 1976), and relevant length and time scales spanning many orders of
magnitude (Queiroga and Blanton 2005). The literature is vast, and there are two
major recurring biophysical themes. The first is the ability of crab larvae to exploit
vertical gradients of horizontal velocity during various vertical migrations (ontoge-
netic, tidally-synchronized, diel, etc.) to control the extent of horizontal dispersion
(e.g. Cronin and R. B. Forward 1986, Eggleston et al. 1998, Forward et al. 2004).
The second is the role of physical and chemical cues in delaying or inducing larval
metamorphosis and settling (e.g. Forward et al. 2001, Houser and Epifanio 2009).
Brachyuran crab larvae are some of the strongest swimmers in the zooplankton
and are capable of sustaining swimming velocities from 0.2 - 8.3 cm/s, though most
measurements fall in the range from 0.5 - 2 cm/s (Mileikovsky 1973, Sulkin et al. 1979,
Forward 1989, Forward 1989). Larvae can effectively navigate vertically throughout
the water column during ontogenetic, tidal, and diel migrations, but their swimming
capabilities are generally insufficient to counteract displacement by horizontal cur-
rents for an extended amount of time (Chia et al. 1984, Young 1995). Furthermore,
competent larval stages have mechanosensing setae distributed along the appendages
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capable of sensing spatial gradients of flow (Santana et al. 2004, Kornienko et al.
2008). Thus, larvae can sense vertical gradients of horizontal velocity to effectively
maintain position or induce shoreward or shelfward transport depending on the goals
of that particular larval stage. Hill (Hill 1991, Hill 1991) noted that vertical mi-
gration must extend into the bottom boundary layer for larvae to escape high tidal
velocities and thus displacements. Olmi (Olmi 1994) and Queiroga (Queiroga 1998)
document how high vertical shear during tidal exchange in shallow estuaries can be
exploited by larvae to influence their own transport. By swimming vertically down
during ebb tide and up during flood tide, larvae gain net transport shoreward. This
effect is aptly named Selective Tidal Stream Transport (STST) and describes the
means by which larvae can exploit vertical gradients of horizontal velocity to control
the extent of horizontal dispersion (Forward et al. 2001, Forward et al. 2003). It
should be noted that the term Selective Tidal Stream Transport refers specifically to
tidal cyclic migrations that exploit vertical shear for optimal horizontal transport,
but the idea of larval behavioral responses to fluid mechanical shear strain rate can
be considered a generalization of this behavior (Queiroga and Blanton 2005) and is
an ecologically-important adaptation in practically all species.
Whereas shear strain rate sensing and vertical migrations are dominant behav-
iors in Brachyuran larvae, other environmental variables can also act to regulate and
modify larval behavior. Sulkin (Sulkin 1984) modeled the negative feedback effects
of pressure and gravity on larval behavior and found depth-keeping behavior, al-
though there is considerable variability in the effects of barokinesis and geotaxis in
different larval stages. Various studies have found positive phototaxis to directional
light, again with changes in effects with larval stage and the presence of other sen-
sory cues (Forward 1974, Sulkin 1975, Sulkin et al. 1980). Depth-keeping seems to
be regulated by negative geotaxis in darkness and changes in phototaxis combined
with a sinking response above a threshold light level (Queiroga and Blanton 2005).
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Another interesting interaction among cues occurs when larvae exposed to increasing
pressure respond by swimming vertically up. However, this effect is dampened in the
presence of high light levels (Tankersley et al. 1995). Increasing salinity levels were
observed to trigger vertical migrations upwards and the process was noted to be rate
dependent (Forward 1989), whereas high temperatures have been observed to reverse
geotactic behavior from negative to positive in zoeae of Rhithropanopeus harrisii (Ott
and forward Jr. 1976). Changes in turbulent kinetic energy levels up to a saturation
level of 1.1 cm2s−2 triggered exited swimming behavior in Callinectes sapidus (Welch
et al. 1999). Finally, chemical cues play an important role in inducing or delaying
metamorphoses between larval stages and in site selection for settlement. In general,
positive cues that accelerate metamorphosis and/or benthic settling behavior include
adult habitat substrate, aquatic vegetation, conspecific odors, estuarine water, odor
of a related crab species, and prey odor. Negative cues that delay metamorphosis
and/or settling include ammonium and ammonia, hypoxia, predator odor, and ex-
treme temperatures and salinities. Cues found to have no effect are clean seawater,
clean structural material, and odor of other non-related species (Forward et al. 2001
and the references therein).
The effects of various interacting physical and chemical cues on larval behavior
are certainly complicated and case dependent. Nevertheless, it is clear that behav-
ioral responses to changing physical variables (light, temperature, salinity, current
velocity) associated with tidal fluctuations have the potential to significantly modify
vertical migratory behavior and ultimately larval dispersal trajectories. Additionally,
chemical cues play an important role in dictating larval behavior, and most impor-
tantly it is the superposition of these interacting effects (behavioral responses, verti-
cal migrations, physical forcing) that dictates the dispersal trajectories of planktonic
Brachyuran crab larvae.
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2.3 Experimental Methods in Fluid Mechanics
In this study we aim to reproduce ecologically-relevant gradients of vertical velocity
for zooplankton behavioral assays. Importantly, we need to fully quantify the flow
structure to ensure that conditions replicated in the lab are indeed what a zooplankter
would experience in situ. This section reviews several methods employed in this study.
Specifically, the Bickley jet is used to produce repeatable and continuous shear strain
rate fields and particle image velocimetry (PIV) is used to fully resolve the two-
dimensional velocity and shear strain rate fields.
2.3.1 Particle Image Velocimetry (PIV)
Particle Image Velocimetry (PIV) is a well-known, noninvasive flow measurement
technique employed widely in the fluid mechanics research community. In PIV, the
flow of interest is seeded with small, neutrally-buoyant particles that are passively
advected with the flow. The flow is then illuminated with laser light and the light
scattered from the seeding particles is filmed digitally. The images are post-processed
to compute particle displacements between successive frames. With a known temporal
resolution, the velocity and shear strain fields can be fully resolved in space and time
(Raffel et al. 1998). Some experimental considerations relevant to PIV concerning
optics, lasers, cameras, and image postprocessing algorithms are reviewed here.
2.3.1.1 The Hardware: Cameras, Lasers,and Optics
The flow in a typical planar PIV setup is illuminated with a sheet of laser light.
Continuous wave (CW) Argon-ion lasers (488 nm, 514.5 nm) and pulsed Nd:YAG
lasers (532 nm) are by far the most commonly used in the literature. Ion lasers
typically have superior beam quality than Nd:YAG lasers (i.e. Gaussian beam cross-
sections) but are also much less powerful. For this reason, scanning mirrors have
been used to generate laser sheets from a ion laser beam as a means of maximizing
sheet intensity with the lower characteristic laser power. Alternatively, a cylindrical
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lens could be used to generate the laser sheet at the cost of sheet intensity, which is
typically not a problem with Nd:YAG lasers. The flow is then seeded with neutrally-
buoyant particles (e.g. 5 µm titanium dioxide particles) and filmed digitally, typically
using an external trigger to synchronize laser pulses (Nd:YAG) and image capture.
Matching camera specifications to experimental needs usually involves a balance of
three main parameters: pixel count, bit-depth, and frame rate. The bit-depth, n,
determines the maximum intensity resolution as the total number of resolved intensity
levels (2n). The pixel count and frame rate obviously set the spatial and temporal
resolutions of the system.
2.3.1.2 The Software: Post-processing Algorithms and Error Control
During post-processing, each image is typically divided into interrogation subwindows
and a two-dimensional spatial cross-correlation is performed in wavenumber space
between successive images for each interrogation subwindow. Particle displacement
between successive frames is estimated by the location of the cross-correlation peak. A
peak fit analysis is employed to determine the displacement vector in all interrogation
windows to subpixel accuracy. The displacement vectors are then divided by the time
delay between laser pulses to produce the instantaneous two-dimensional velocity field
(Cowen and Monismith 1997, Wereley and Meinhart 2001, Gui and Wereley 2002,
Dasi 2004).
Typical sources of error in PIV algorithms include loss of particles due to particles
entering or exiting the laser sheet, inaccurate or false correlation peaks, and too
few particles per interrogation subwindow. The result of these errors is typically to
produce false or unrealistic velocity vectors. These errors can be partially mitigated by
matching experimental parameters (flow regime, laser pulse delay, camera resolution,
particle density, etc.) and PIV algorithm parameters (interrogation subwindow size)
to most accurately capture the hydrodynamics (Raffel et al. 1998, Dasi 2004).
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2.3.2 Free Shear Flows and the Bickley Jet
By definition, free shear flows are characterized by unrestricted spatial gradients
of fluid velocity and commonly include jets, wakes, and shear layers (Kundu and
Cohen 2004). Shear flows are a ubiquitous feature in the marine environment and
most often take one of two forms as an artifact of the prevalent density stratification
in many coastal marine environments: a plane jet (fluid intrusion) and/or a shear
layer. A plane jet is characterized by a maximum velocity on the centerline of the jet
with gradual decrease towards the stagnant layers above and below, whereas shear
layers are characterized by a gradually changing velocity profile linking two layers
of differing horizontal velocity (Figure 2.10). Field observations of thin layers (e.g.
McManus et al. 2003, Velo-Suarez et al. 2010) document the co-occurrence of thin
layers with physical structure in the water column, specifically the pycnocline and/or
thermocline that essentially demarks an interface between two fluid layers. Thus, an
appropriate model for a laboratory thin layer could be based on a free shear flow
design. The Bickley jet is a laminar planar free jet (with known analytical solutions)
that can be fine-tuned to produce ecologically-relevant gradients of velocity (shear
strain rate). We will consider more closely the governing equations and analytical
solutions for the Bickley jet as well as some considerations concerning hydrodynamic
instabilities and implications for nozzle design.
2.3.2.1 The Bickley Jet: Governing Equations and Analytical Solution
Following the analysis of Bickley (Bickley 1937), we consider a steady, incompressible,
two-dimensional flow generated by a viscous jet issuing from a long narrow orifice into
a fluid body at rest. Assuming the Prandtl boundary layer equations provide a good
approximation to the free jet and noting that pressure is invariant in the streamwise,

































where u and v are the x and y components of velocity, respectively, and ν is the
kinematic viscosity. The flow is subject to the following three boundary conditions
concerning symmetry about the jet centerline, purely parallel flow, and boundedness




v = 0 at y = 0 (2.9)
u → 0 as y → ∞ (2.10)





u2dy = Initial Jet Momentum Flux (2.11)
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Following the solution method of Schlichting (Schlichting 1933) and presenting the
results per Sato and Sakao (Sato and Sakao 1964), the non-dimensional analytical








where a = 0.88136. The maximum, or centerline velocity, uo, deceases with distance














It is clear that the analytical solution for the centerline velocity is singular at x
= 0 and this has given rise to the idea of a virtual origin to account for a non-zero
nozzle width as the x location of a point source of momentum from which the jet can
be considered to emanate (da C 1939, Revuelta et al. 2002, Peacock et al. 2004).
Andrade (da C 1939) noted that the “plane jet is difficult to realize experimen-
tally”, but was able to reproduce the Bickley solution in the neighborhood of an
orifice if the flow was considered to emanate from a virtual origin a small distance
upstream of the orifice. Sato (Sato 1960), however, was unable to reproduce the self-
similar profiles of Bickley precisely because the plane jet is difficult to experimentally
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operate. The reasons for these difficulties are considered below as well as some design
precautions.
2.3.2.2 Hydrodynamic Instabilities and Design Considerations
It is useful to consider the linear stability analysis to gain a better understanding of
the stability characteristics of the Bickley jet and the critical parameters. As for all
parallel shear flows, the hydrodynamic stability of the viscous Bickley jet is governed

















where α is the perturbation wavenumber, c is the perturbation wave celerity, U is
the base flow velocity distribution in the y direction, and Φ is the eigenfunction of
the perturbation streamfunction. This equation is essentially a linearized equation
of motion (conservation of mass and momentum) for small perturbations superposed
on the base flow. With a known base flow and set boundary conditions, α can be
varied and the behavior of c observed. Various numerical and expansion solution tech-
niques have been proposed (Tatsumi and Kakutani 1958, Sato 1960, Drazin and Reid
1981) that yield the marginal stability curves. Experimental results by Sato (Sato
1960) observed two sinusoidal instability modes that manifest as velocity fluctuations
symmetric and antisymmetric about the jet centerline.
The marginal stability curves in Figure 2.11 were derived by Peacock et al. (Pea-
cock et al. 2004) using a Newton-Raphson relaxation scheme to numerically solve the
Orr-Sommerfeld Equation for the Bickley jet base flow. The symmetric and antisym-
metric modes are unstable at different Reynolds numbers for a given ω. The critical
Re for the antisymmetric mode is small for virtually all frequencies of perturbation,
Re ≈ 4, whereas the symmetric mode is stable to most perturbation frequencies until
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Figure 2.11: The Bickley Jet Marginal Stability Curve. ω is the non-dimensional
perturbation frequency and R is the local Reynolds number based on the centerline
velocity and the velocity half-width. Source: Peacock et al. 2004
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Table 2.2: Jet Stability Characteristics as a Function of Rej from Sato and Sakao
1964
Rej Jet Behavior
12 < Rej < 20 ∼ 30
The jet is entirely laminar with possible periodic insta-
bilities in limited regions
20 ∼ 30 < Rej < 40 ∼
60
Pseudo-steady periodic instabilities, found in a wide
region of the jet, are dampened before transitioning to
highly irregular instabilities
40 ∼ 60 < Rej
Periodic fluctuations transition to highly irregular in-
stabilities downstream
Re ≈ 80. Thus, the critical experimental parameter governing jet stability is revealed





that describes the ratio of the destabilizing momentum forces to the stabilizing effect
of shear. Sato and Sakao (Sato and Sakao 1964) experimentally investigated instabil-
ities in the Bickley jet based on Rej and found good agreement with linear stability
theory for Rej ≥ 10 (Table 2.2). For smaller Rej , the theory does not account for
the streamwise variation of the base flow through entrainment and spreading of the
momentum distribution, i.e. the local Reynolds number, Reo, which is a function of
the downstream distance x.
Considering the inherent instabilities in free shear flows and the particularly fickle
behavior of the Bickley jet, a few main design considerations for reducing instabilities
and producing the desired flow field have arisen from experimental studies of both
laminar and turbulent planar jets. Many modern experimental studies suggest hon-
eycomb and wire mesh baffles and a fifth-order polynomial contraction upstream of
the nozzle exit to prevent flow separation and ensure a top-hat exit velocity profile
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(Mehta and Bradshaw 1979, Hussein 1994). Deo et al. (Deo et al. 2007) suggested a
criteria for ensuring a top-hat profile as the ratio of the nozzle radius of curvature just
upstream of the jet entrance, r, to the nozzle width, d, as r/d → 3.6. Similarly, Deo
et al. (Deo et al. 2007) suggested that a statistically two-dimensional mean velocity
field is only achievable in turbulent jets aspect ratios greater than or equal to 20.
Finally, Alnahhal and Panidis (Alnahhal and Panidis 2009) discuss the effect of side-
walls downstream of the jet exit and found statistically different flow fields with and
without sidewalls. Specifically, there is a trade-off between boundary layer growth
downstream of the jet, which acts as a lateral momentum sink (sidewalls), and lateral
entrainment that causes departure from two-dimensional mean flow. Each of these





A laminar, planar, free jet (Bickley jet) apparatus in a recirculating flume was used to
recreate ecologically-relevant gradients of vertical flow that commonly occur in coastal
marine ecosystems. Particle image velocimetry (PIV) was used to fully resolve the
steady, laminar flow fields. The controlled flow environments were used to conduct
behavioral assays on various species of zooplankton including:
• A temperate mysid, Neomysis americanus, from the Damariscotta River, Walpole,
Maine, USA
• Two tropical copepods, Acartia negligens and Clausocalanus furcatus, from the
Gulf of Aqaba, Red Sea, Elat, Israel
• An estuarine mud crab larvae (megalop), Panopeus herbstii, from Priest Land-
ing, Wassaw Sound, Savannah, Georgia, USA
Free-swimming animal trajectories were filmed and digitized (LabTrack software,
BioRAS Inc.) under control (stagnant), upwelling, and downwelling flow configura-
tions separately. Behavioral data were processed in two consecutive analyses. The
first examines individual zooplankton paths (as well as the population as a whole)
to determine threshold shear strain rate values that trigger changes in animal behav-
ior (relative swimming speed, turn frequency, and directional heading). The second
uses the determined shear strain rate threshold to quantify statistically significant
changes in behavioral parameters. Path kinematics were computed for overall paths,
portions inside and outside the velocity gradient layer (defined by a species-specific
threshold shear strain or vertical velocity), and portions pre/post-contact with the
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velocity gradient layer. Finally, statistical tests of path kinematic data were used to
evaluate the significance of observed behavioral changes due to exposure to finescale
horizontal gradients of vertical velocity.
3.1 Recirculating Flow System and Experimental Parame-
ters
The recirculating flow system and laminar, planar free jet apparatus used in this
study follow on a previous study of horizontal thin layers (Woodson et al. 2005).
The current apparatus was modified to create horizontal gradients of vertical velocity
consistent with a range of oceanic conditions.
The recirculating flow system consists of an elevated constant head tank (28L, US
Plastics) with a free surface overflow to ensure a time-invariant supply of potential
energy to the system. The sealed main flume (1 m x 30 cm x 30 cm) is constructed
of clear acrylic for optical access and is aligned with the gravity vector (Figures
3.1 and 3.2). The flow passes through a specially designed slot jet nozzle (316 SS,
jet opening 1 cm x 25 cm) to create a laminar planar jet in the vertical direction
(Figures 3.1 and 3.2). The design features of the newly-fabricated stainless steel
nozzle were consistent with the Woodson et al. (Woodson et al. 2005) study, following
the recommendations of Hussein (Hussein 1994) and Mehta and Bradshaw (Mehta
and Bradshaw 1979). Specifically, a 12:1 area ratio contraction was employed with a
5th-order polynomial defining the shape of the contraction in order to prevent flow
separation. Three stainless steel mesh screens (50 % open area) and a layer of high
porosity polypropylene sponge inside the main body of the nozzle served to induce
head loss and dampen any large flow inhomogeneities in the contraction. The nozzle
features ensuring a uniform (top-hat) velocity profile at the nozzle exit and the desired
laminar flow field immediately downstream in the observation section.
The flow in the main flume section is channeled through an acrylic flow conditioner
designed to prevent recirculation, flow instability, and exit geometry effects. The
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channeled flow then continues through a rotameter into an intermediate reservoir
(14 L, US Plastics) designed to apply back-pressure to the main tank and prevent
air intrusion, unsteady (pulsating) effects, etc. Note that the intermediate reservoir
was not employed in the downwelling configuration (Figure 3.2). Finally, the flow
continues via a free surface overflow to the bottom receiving reservoir (28 L, US
Plastics) where it is pumped through a 4 diaphragm, positive displacement pump
(JABSCO Model 31801-1305) to the constant head tank.
During all behavioral assays a volumetric flowrate of 0.06 m3/hr was selected to
produce a well-defined and ecologically-relevant laminar flowfield. A flowrate of 0.06
m3/hr for the given nozzle geometry results in a maximum jet exit velocity, Uj , of
6.7 mm/s. Therefore, the jet Reynolds number, Rej = Ujd/ν, is 52, which is in the
transitionally stable and laminar regime. The maximum shear strain rate varies from
0.35 s−1 to 0.12 s−1 with distance downstream from the jet exit in the observation
region (i.e. between z = 5 cm to z = 15 cm). The velocity and strain rate profiles
vary in the transverse directions producing continuously-varying velocity and shear
strain fields throughout the observation window.
3.2 Hydrodynamic Measurement Technique, Particle Im-
age Velocimetry
Particle Image Velocimetry (PIV) is a well-known, non-invasive flow measurement
technique employed widely in the fluid mechanics research community. The flow of
interest is seeded with small, neutrally-buoyant particles that are passively advected
with the flow. The flow is illuminated with laser light and the light scattered from
the seeding particles is filmed digitally. The images are post-processed to compute
particle displacements between successive frames. With a known temporal resolution,









































































Figure 3.2: Schematic of the Apparatus in the Downwelling Flow Configuration.
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3.2.1 System Components and Data Capture
The flow is illuminated with a planar sheet of laser light provided by a pair of Nd:YAG
lasers (New Wave Research Gemini, 532 nm, 125 mJ/pulse)(Figure 3.3). The laser
beam was first focused with a 1 m focal length spherical lens and then expanded with
a -12.6 mm cylindrical lens resulting in a thin sheet of laser light in the observation
region. In this study the flow was seeded with titanium dioxide particles of diameter
less than or equal to 5 µm.
Data capture was controlled using an eight-channel pulse generator (Berkeley
Nucleonics Model 500D), which triggered coordinated firing of the laser heads with
the shutter of a CCD camera. The camera was a Kodak Megaplus ES 1.0 with 8 bit
monochrome and 1 Megapixel image output. The camera was equipped with a 105
mm lens (Nikon AF Micro Nikkor) and interfaced with a PC running Windows XP
via a Coreco Image Capture board. Hardware communication and image sequence
capturing were achieved using Video Savant 3.0 software (IO Industries). Raw image
sequences of the light scattered from the seeding particles was captured at 15 Hz for
approximately 30 seconds, resulting in a 450 image sequence.
3.2.2 Data Processing
The image sequences were processed using software developed by Dasi (Dasi 2004).
The algorithm developed by Dasi (Dasi 2004) was based on previous algorithms devel-
oped by Cowen and Monismith (Cowen and Monismith 1997), Wereley and Meinhart
(Wereley and Meinhart 2001) and Gui and Wereley (Gui and Wereley 2002). The
algorithm first computes a background image for the image sequence, which is defined
as the minimum intensity achieved by any pixel for the duration of the sequence. The
image sequence is then rescaled; essentially the background intensity is removed to
enhance the contrast and signal strength of the light scattered by the seeding par-



















Figure 3.3: Schematic of Equipment Configuration for PIV Measurements.
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a 2D spatial cross-correlation is performed in wavenumber space between successive
images for each interrogation subwindow. Particle displacement between successive
frames is estimated by the location of the cross-correlation peak. A Gaussian peak
fit analysis is employed to determine the displacement vector in all interrogation win-
dows to subpixel accuracy. The displacement vectors are then divided by the time
delay between laser pulses (0.05 s) to produce the instantaneous 2D velocity field,
from which the shear strain field is easily computed.
The analysis algorithm filtered erroneous vectors iteratively using a threshold of 3
to 4 standard deviations from the mean. These errors can be alleviated preemptively
by matching experimental parameters (flow regime, laser pulse delay, camera reso-
lution, etc.) and PIV algorithm parameters (interrogation subwindow size) to most
accurately capture the hydrodynamics. The interrogation subwindow size and time
delay between laser pulses were selected to achieve resolution of the velocity field at
the scale of individual copepods (<100 µm), (Woodson et al. 2005).
3.3 Behavioral Assays and Measurement Techniques
3.3.1 Animal Collection
Panopeus herbstii larvae were collected in June of 2010 at Priest Landing on Skid-
away Island near Savannah, GA, USA and brought back to Georgia Tech to conduct
behavioral assays. A light trap was constructed and deployed from the dock at Priest
Landing between 10 pm and midnight for 2 consecutive nights. The light trap con-
sisted of a large plastic jar (approximately 5 L Nalgene) with an inverted funnel at
the wide mouth, designed to increase plankton retention in the trap. A dive light was
secured to the bottom of the jar in an effort to attract phototactic zooplankton into
the trap. The jar was suspended horizontally between a weighted mooring device on
the bed and a float on the water surface. The trap was retrieved after a two hour
deployment, and the animals were taken to the laboratory to be processed. The crab
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larvae were immediately sorted out and kept in recirculating seawater, while being
fed copepod nauplii (Acartia tonsa), before being transported to Atlanta in coolers.
In Atlanta, the crabs were kept in well-oxygenated artificial seawater (Instant Ocean)
at estuarine conditions (∼ 30 ppt, 28 ◦C ). The crabs were fed copepod nauplii and
brine shrimp nauplii (Artemia spp.) over the 2 week duration in which all behavioral
assays were conducted. Larvae were not feed in the 24 hours prior to each behavioral
assay.
Acartia negligens and Clausocalanus furcatus were collected from the Gulf of
Aqaba (Red Sea) off the dock of the InterUniversity Institute in Elat, Israel for on-site
behavioral assays during the summer of 2009. Two primary methods were used to
collect animals for behavioral assays: hand net tows and boat net tows. Hand net
tows were conducted between the hours of 9 pm and 11 pm when the abundance of
zooplankton in the near surface water column was high. A 0.5 m diameter plankton
net with a 250 µm mesh cod end was towed by hand parallel to the shore at approx-
imately 1 - 2 m depth for about 20 minutes. For boat tows, the same plankton net
and cod end were towed parallel to shore (at 0.5 knots) at a depth of approximately
3−5m between the hours of 8 pm and 9 pm. For each collection method, the cod end
was taken ashore and the plankton were processed immediately. The copepods were
sorted by species into groups of approximately 50 - 60 mixed-sex individuals and kept
in filtered seawater (50 µm) in 1 L jar, where they were starved for 24 hours before
being used for behavioral assays.
Neomysis americanus specimens were collected off the dock of the Darling Marine
Center in Walpole, Maine, USA. The mysids were collected at night via vertical tows
from the dock. A plankton net with a 250 µm mesh cod end was released into the
water column and kept just above the bottom bed for several minutes and then pulled
to the surface. Mysids were immediately processed, sorted, and kept in aerated 20
L buckets and fed mixed zooplankton and Rhodomonas spp. and Tetraselmis spp.
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phytoplankton. Mysids were measured under a microscope, and individuals in the
range 7 - 10 mm were sorted for shipment to Atlanta. Mysids were shipped to Atlanta
where they were kept in well-oxygenated artificial seawater (Instant Ocean) and fed
brine shrimp nauplii (Artemia spp.) and Tetraselmis spp. phytoplankton over the
2 week duration in which all behavioral assays were run. Again, the animals were
starved for the 24 hours before behavioral assays were run.
3.3.2 Behavioral Assays
All behavioral assays were conducted in the same apparatus and under identical
flow conditions as for the PIV characterization. All experiments used either filtered
seawater (FSW) or artificial seawater (Instant Ocean) in the recirculating flow system
at conditions (temperature and salinity) nearly identical to in situ conditions. For
all experiments, the animals were collected between the hours of 8 pm and 12 pm in
the upper layer of the water column (<5 m depth), sorted and acclimated in the lab,
and starved for the 24 hours immediately preceding the experiments. All behavioral
assays were run in mixed-sex, species specific trials.
Two hour behavioral assays under both upwelling and downwelling flow configura-
tions (separately) were run in which animals were introduced to the tank and allowed
to acclimate for one hour prior to the experiment. During this period the thin veloc-
ity layer flow was started and allowed to reach steady state. Two replicates of each
combination of species and treatment were performed. One hour control experiments
were run for all species tested. The control experiments consisted of animals swim-
ming freely in a stagnant tank. In all cases, animals were filmed in the 10 cm x 10
cm observation window.
The experimental setup was identical for all behavioral assays except for the num-
ber of animals present (variations in size and overcrowding possibilities). Optical
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elements mounted behind the tank allowed for visualization of animal swimming tra-
jectories via shadowgraph observation (Figure 3.4). An infrared (IR) fiber-coupled
diode (CVI Melles Griot, 57PNL054/P4/S, 660 nm, 22 mW ) was collimated via a
15.24 cm spherical mirror (Edmunds Optics, NT32-845, effective focal length 1524
mm) and reflected at 45◦ via a planar mirror perpendicularly into the rear of the
tank (Figure 3.4). This method provides uniform illumination through the depth of
the tank. The back illumination projects a silhouette of the swimming animals onto
the front surface of the tank, on which is placed a sheet of film paper (Sam Flax),
resulting in a crisp, high contrast shadow. The shadowgraph trajectories produced
over the course of each two hour behavioral assay were recorded via a CCD video
camera (Pulnix, 745i, 768 x 494 pixels) linked to a digital video recorder (mini dv
tapes). All experiments were recorded at 30 frames per second (fps), the maximum
temporal resolution of the camera, which fully resolves all swimming behaviors of all
the species tested.
3.3.3 Data Processing
The mini dv tapes containing the raw trajectory data were converted to avi (Audio-
Video Interleave) movie files using iMovie HD (Apple Inc.). Each one hour tape was
broken into approximately 15 four-minute video clips. This was done carefully so as
not to chop up tracks in an effort to save memory and computational intensity while
running the tracking software. The avi files were exported with the following settings:
no compression, 15 fps, 256 color intensity scale. The reduction in temporal resolu-
tion was warranted to reduce memory requirements (order of 1 TB for all assays), and
this frame rate is sufficient to resolve all swimming behaviors of the species tested.
For example, Neomysis americana, by far the swiftest swimmer, exhibited bouts of
behavior with maximum swimming speeds around 5 cm/s. So at a typical magnifi-
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Figure 3.4: Equipment Configuration for the Behavioral Assays.
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a displacement of 250 pixels/s. When considering a typical mysid body length of 8.5
mm (42.5 pixels), the displacement is only about five body lengths per second, or 1/3
body length per frame. Thus, 15 Hz is a sufficient temporal resolution to accurately
resolve displacement of the body centroid for all animals tested.
The animal swimming trajectories were digitized using LabTrack Software (Bio-
RAS) from the raw avi files. The resulting data sets, which include time and spatial
(i.e., x and z) coordinate information, are post-processed in two phases using a suite
of custom MATLAB codes. The first phase involved determining threshold shear
strain or vertical velocity values for each species that elicit the maximum behavioral
responses. The second phase involved computing path kinematic parameters for por-
tions of each trajectory inside and outside the vertical layer (boundaries defined by
the threshold level), as well as pre- and post-contact with the threshold level. The
path kinematics computed in this study are relative swimming speed (the swimming
speed of the animal minus the local fluid velocity from the PIV results), turning fre-
quency (where a turn is defined as a change of direction of 15◦ or more), and the
vertical net-to-gross displacement ratio (V NGDR = net vertical displacement/gross
vertical displacement). The proportional residence time (PRT = time in velocity
gradient layer/total time in the observation window) was also computed for all paths.
3.3.4 Statistical Analyses
Statistical analyses of path kinematic data were conducted using one-way (single-
factor) analysis of variance (ANOVA). ANOVA is a widely-used hypothesis testing
tool that tests for the equality of the mean values of two (or more) datasets by evaluat-
ing sources of variance both within individual treatments and across groups. ANOVA
is particularly useful in the present study to evaluate the behavioral responses of a
population of zooplankton to gradients of vertical velocity as compared to a pop-
ulation (all else equal) swimming in a stagnant tank. The fact that ANOVA does
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not require equal sample sizes across treatments makes it particularly useful in the
present study in which animal availability and mortality are ever-present concerns.
Assumptions inherent to the statistical validity of ANOVA include the following: ran-
dom sampling and normal distributions of independent samples as well as treatment
groups with the same variance. Randomly selecting individuals from the same species
and size class ensures these assumptions are valid for this study and thus that applica-
tion of ANOVA is warranted to detect statistically significant changes in zooplankton
behavior.
Zar (Zar 1999) summarizes the computations necessary for a one-way ANOVA.
These computations result in a value that corresponds to the F-distribution; this
computed value is then compared to the critical tabulated value for the F-distribution
as dictated by the group and error degrees of freedom at a given confidence level
(usually 95%). If the computed F value is equal to or greater than the critical
tabulated value, then the null hypothesis, Ho, is rejected. In the present study, Ho is
given as follows: Exposure to horizontal gradients of vertical velocity does not induce
a change of swimming speed (proportional residence time, turning frequency, etc.).
The most commonly reported statistic for ANOVA is the p value, which is obtained
from the critical F value. The p value is the probability that the means of some
measured quantity of two experimental groups are equal, and for most ecological




4.1 Physical Layer Characterization
4.1.1 Upwelling Jet
Figure 4.1 shows the experimental PIV results for an upwelling, laminar planar free
jet located at the origin with jet Reynolds number equal to 52. Examination of the
two dimensional velocity vector and shear strain rate fields shows a close match to
the analytical solution by Bickley (Bickley 1937) throughout the observation section
(Figure 4.2).
The maximum shear strain rate varies from approximately 0.35 s−1 to 0.12 s−1
with distance downstream from the jet exit (i.e., between z = 5 cm and z = 15
cm) due to the entrainment of low velocity fluid and the gradual broadening of the
velocity profile due to the transverse diffusion of momentum. The maximum velocity
along the jet centerline likewise varies from approximately 6 mm/s to 4.7 mm/s and
decreases in the transverse direction. Closer observation of the analytical (Figure 4.2)
and experimental (Figure 4.1) shear strain rate fields shows a slight divergence from
theory in the experimental results. Namely, the jet velocity profile is narrower through
the entire observation section and the shear strain rate values are slightly higher at
a given z position, as illustrated by the closeness of the shear strain rate contours
as compared to the Bickley shear strain rate field. To examine this effect further,
individual profiles of vertical velocity (Figure 4.3) and shear strain rate (Figure 4.4)
were plotted versus the corresponding Bickley profiles 100 mm downstream of the jet
origin (z = 100 mm).
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Figure 4.1: Velocity (vectors) and Shear Strain Rate (contours) Fields for the Up-
welling Experimental Configuration
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Figure 4.2: Analytical Shear Strain Rate Field from Bickley (Bickley 1937) for an
Upwelling Free Jet
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Figure 4.3: Analytical versus Experimental Velocity Profiles in an Upwelling Free
Jet at z = 100 mm
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Figure 4.4: Analytical versus Experimental Shear Strain Rate Profiles in an Up-
welling Free Jet at z = 100 mm
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slightly lower velocities further from the centerline when compared to the Bickley
profile (Figure 4.3). Similarly, the PIV shear strain rate profile shows higher values
near the centerline and lower values further out when compared to the Bickley profile
(Figure 4.4). These divergences from the analytical solution were traced to a slight
positive buoyancy of the jet due to a temperature difference between the jet and the
receiving fluid body of approximately 0.1◦C. This thermal difference was caused by
slight heating of the recirculating fluid by the centrifugal pump over time. Thus, the
buoyancy acted very slightly to accelerate the jet vertically upward (in the case of
upwelling) and delay the diffusion of momentum in the transverse direction (through
the gradual broadening of the velocity profile). The slight buoyancy effect was ob-
served to be constant over the course of an experiment and did not destabilize the
jet. Furthermore, all analyses of animal behavior used experimental PIV shear strain
rate values, not analytical values, and thus results are true to what the zooplankters
experienced throughout the course of an assay.
4.1.2 Downwelling Jet
Figure 4.5 shows the experimental PIV results for a downwelling, laminar planar free
jet located at the origin with jet Reynolds number equal to 52. Again, examination of
the two dimensional velocity vector and shear strain rate fields shows a close match to
the analytical solution by Bickley (Bickley 1937) throughout the observation section
(Figures 4.5 and 4.6), similar to the upwelling results.
The range of maximum shear strain rate values and vertical velocities throughout
the observation window is identical to the upwelling case, as expected for two dy-
namically similar jets (Figure 4.5). Closer observation of the analytical (Figure 4.6)
and experimental (Figure 4.5) shear strain rate fields again shows a slight divergence
from theory in the experimental results. In contrast to the upwelling case, the jet
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Figure 4.5: Velocity (vectors) and Shear Strain Rate (contours) Fields for the Down-
welling Experimental Configuration
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Figure 4.6: Analytical Shear Strain Rate Field from Bickley (Bickley 1937) for a
Downwelling Free Jet
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Figure 4.7: Analytical versus Experimental Velocity Profiles in a Downwelling Free
Jet at z = 100 mm
rate values are slightly lower at a given z position, as illustrated by the spreading of
the shear strain rate contours as compared to the Bickley shear strain rate field.
Once again, individual profiles of vertical velocity (Figure 4.7) and shear strain
rate (Figure 4.8) were plotted versus the corresponding Bickley profiles 100 mm down-
stream of the jet origin (z = 100 mm). As expected, the PIV velocity profile is broader
and more rounded near the jet centerline when compared to the Bickley profile with
slightly higher velocities further from the centerline. Similarly, the PIV shear strain
rate profile shows lower values near the centerline and higher values further out when
compared to the Bickley profile. These results are consistent with the slight effects of
buoyancy discussed in the upwelling case above, with the exception that the buoyancy
force is now in the opposite direction of the jet momentum. Thus, the buoyancy force
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Figure 4.8: Analytical versus Experimental Shear Strain Rate Profiles in a Down-
welling Free Jet at z = 100 mm
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of the slightly warmer (∆T ∼ 0.1◦C) jet entering the fluid body acts very slightly
to decelerate the jet vertically upward and expedite the diffusion of momentum in
the transverse direction (through the relatively rapid broadening of the velocity pro-
file). Again, this slight buoyancy effect was observed to be constant over the course
of an experiment and did not destabilize the jet. The important fact again remains
that all analyses of animal behavior used experimental PIV shear strain rate values,
not analytical values, and thus results are true to what the zooplankters experienced
throughout the course of an assay.
4.2 Behavioral Assays
Behavioral data, which consists of digitized zooplankton trajectories (e.g. Figure 4.9),
are processed in two consecutive analyses. The first examines individual zooplankton
paths (as well as the population as a whole) to determine threshold shear strain
rate values that trigger changes in animal behavior (relative swimming speed, turn
frequency, and directional heading). The second uses the determined shear strain rate
threshold to quantify statistically significant changes in animal behavioral parameters.
The results are considered in the ecological context of plankton patchiness.
4.2.1 Behavioral Shear Strain Rate Thresholds
In order to determine threshold shear strain rates that trigger species-specific behav-
ioral responses in zooplankton, the behavior of individual zooplankters is examined
as the animal is exposed to varying shear strain rates as it progresses along its trajec-
tory. Three specific behavioral parameters are chosen and examined as a function of
various threshold shear strain rates: relative swimming speed, turn frequency, and di-
rection of heading. Relative swimming speed is defined as the animals total swimming
speed minus the fluid velocity obtained from PIV results. Turn frequency is defined
as the number of turns per individual per second, where a turn event is a change of
direction of 15◦ or more. Finally, directional heading is the angular direction of the
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Figure 4.9: Examples of Digitized Trajectories of Acartia negligens in a Downwelling Jet, Arrows Indicate Direction of
Swimming Trajectory. The Straight Vertical Blue Line Indicates Jet Centerline, and the Straight Red Lines Indicates the
Approximate Edge of Jet Layer Based on a Behaviorally-Determined Threshold Shear Strain Rate.
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displacement vector with respect to the jet centerline.
For each zooplankter trajectory, the mean and standard deviation of each of these
behavioral parameters are computed for portions of the trajectory above and below
a given threshold shear strain rate value based on the physical location of the animal
with respect to the jet structure, and the absolute value of the difference between these
values is plotted as a function of the particular threshold shear strain rate value.
This process is repeated for each shear strain rate value a zooplankter encounters
along its trajectory. This entire analysis is completed for each zooplankter in a given
experimental replicate. Figures 4.10, 4.11, and 4.12 show the combined upwelling and
downwelling results of these analyses for turn frequency, relative swimming speed, and
heading, respectively, for Acartia negligens.
Once this analysis has been completed for each trajectory within a given experi-
mental group, the results are ensemble averaged at each threshold shear strain rate
value. The benefit of completing analyses on individual paths and then ensemble
averaging over the entire population is that it retains the variability of individual
behavior while also revealing the population scale phenomena. Often, examining in-
dividual paths gives a general idea of a threshold strain rate but fails to reveal a
single, well-defined threshold value. Ensemble averaging the data at each shear strain
rate value in Figures 4.10, 4.11, and 4.12 produces the data in Figures 4.13, 4.14, and
4.15, respectively, and most often reveals well-defined threshold strain rate values.
Because Figures 4.13, 4.14, and 4.15 show the magnitude of differences in behavior
above and below a given shear strain rate threshold, sudden increases (sharp gradi-
ents) in the differences of mean (top panels) behavioral parameters and the standard
deviation (bottom panels) indicate a transition. A transition is indicative of direct
behavioral responses that manifest as changes in both the magnitude (mean) and
the variability (standard deviation) of behavior above and below a given shear strain





























































Figure 4.10: Cumulative Plot of Threshold Shear Strain Rate Analyses based on Turn Frequency for All Individual Trajectories
of Acartia negligens. The top panel show differences in mean behavior above and below various strain rate values, and the
bottom panel shows differences in behavioral variability (standard deviation) above and below various strain rate values, both
























































Figure 4.11: Cumulative Plot of Threshold Shear Strain Rate Analyses based on Relative Swimming Speed for All Individual
Trajectories of Acartia negligens. The top panel show differences in mean behavior above and below various strain rate values,
and the bottom panel shows differences in behavioral variability (standard deviation) above and below various strain rate values,






















































Figure 4.12: Cumulative Plot of Threshold Shear Strain Rate Analyses based on Directional Heading for All Individual
Trajectories of Acartia negligens. The top panel show differences in mean behavior above and below various strain rate values,
and the bottom panel shows differences in behavioral variability (standard deviation) above and below various strain rate values,





























































Figure 4.13: Population Ensemble of Turn Frequency versus Threshold Shear Strain Rate Values for Acartia negligens. Vertical
Cyan Line Indicates Chosen Threshold Strain Rate Cutoff for Upwelling, Red Line for Downwelling. The Absence of a Threshold


















































Figure 4.14: Population Ensemble of Swimming Speed versus Threshold Shear Strain Rate Values for Acartia negligens.


























































Figure 4.15: Population Ensemble of Change in Heading versus Threshold Shear Strain Rate Values for Acartia negligens.
Vertical Cyan Line Indicates Chosen Threshold Strain Rate Cutoff for Upwelling, Red Line for Downwelling. Threshold Lines
are Coincident on Standard Deviation Plot.
78
the analogous figures for all other species given in Figures 4.16 – 4.24, indicates the
chosen threshold strain rate for upwelling conditions for a given behavioral param-
eter after close examination of the data. Similarly, the vertical red line in each of
these figures indicates the chosen threshold strain rate for downwelling conditions for
a given behavioral parameter. If a threshold is not clearly defined by the data, it is
not considered in the final selection of a single threshold value. Once all threshold
values have been selected for both mean (top panels) and standard deviation (bot-
tom panel) data sets for all behavioral parameters (relative swimming speed, turn
frequency, and directional heading) inder both upwelling and downwelling conditions
for a single species, the arithmetic mean of all threshold values is taken as the sin-
gle, species-specific behavioral threshold strain rate value. The same analyses were
conducted for all species to determine threshold shear strain rate values that trigger
changes in behavior. Figures 4.16 – 4.24 show the results of these analyses for the
other three species tested, and Table 4.1 gives a summary of the final threshold shear
strain rates for each species, as well as the range of thresholds observed.
It should be noted that there are inherent difficulties in defining a single threshold
strain rate value due to the high levels of behavioral variability among individual
zooplankters of a given species; however, it is absolutely necessary in order to continue
the analysis and quantify the effects of vertical shear layers on zooplankton behavior.
The methodology detailed above for defining species-specific threshold values is not
perfectly objective, but it is the least subjective, most quantitative, and truest to
the data possible given the experimental constraints and the available data sets.
The final threshold strain rate values computed for each species accurately capture
behavioral phenomena in both upwelling and downwelling conditions, as detailed in





























































Figure 4.16: Population Ensemble of Turn Frequency versus Threshold Shear Strain Rate Values for Clausocalanus furcatus.
Vertical Cyan Line Indicates Chosen Threshold Strain Rate Cutoff for Upwelling, Red Line for Downwelling. Threshold Lines


















































Figure 4.17: Population Ensemble of Swimming Speed versus Threshold Shear Strain Rate Values for Clausocalanus furcatus.
Vertical Cyan Line Indicates Chosen Threshold Strain Rate Cutoff for Upwelling, Red Line for Downwelling. The Absence of a


























































Figure 4.18: Population Ensemble of Change in Heading versus Threshold Shear Strain Rate Values for Clausocalanus furcatus.





























































Figure 4.19: Population Ensemble of Turn Frequency versus Threshold Shear Strain Rate Values for Panopeus herbstii.


















































Figure 4.20: Population Ensemble of Swimming Speed versus Threshold Shear Strain Rate Values for Panopeus herbstii.


























































Figure 4.21: Population Ensemble of Change in Heading versus Threshold Shear Strain Rate Values for Panopeus herbstii.





























































Figure 4.22: Population Ensemble of Turn Frequency versus Threshold Shear Strain Rate Values for Neomysis americana.


















































Figure 4.23: Population Ensemble of Swimming Speed versus Threshold Shear Strain Rate Values for Neomysis americana.


























































Figure 4.24: Population Ensemble of Change in Heading versus Threshold Shear Strain Rate Values for Neomysis americana.
Vertical Cyan Line Indicates Chosen Threshold Strain Rate Cutoff for Upwelling, Red Line for Downwelling.
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Table 4.1: Summary of Behavioral Threshold Shear Strain Rate Analyses for all
Species
Species Shear Strain Range (s−1) Threshold Shear Strain (s−1)
Acartia negligens 0.04 - 0.2 0.08
Clausocalanus furcatus 0.04 - 0.2 0.08
Panopeus herbstii 0.03 - 0.2 0.1
Neomysis americana 0.03 - 0.1 0.065
4.2.2 Quantitative Behavioral Observations
The next stage of the analysis is to use the species-specific threshold shear strain
rate values along with the PIV results for the shear strain rate field to divide the
observation window into two geometric regions separated by the iso-contour of the
threshold strain rate. Thus, the domain is divided into the “In-Layer” region (most
shear strain rate values higher than threshold) and the “Out-of-Layer” region (all
shear strain rate values lower than threshold). In this way, individual zooplankter
trajectories can be analyzed by location (in-layer versus out-of-layer) as well as expo-
sure to the threshold shear strain rate (pre-contact versus post-contact). Computing
path kinematic parameters, such as relative swimming speed and turn frequency,
in-layer versus out-of-layer as well as pre-contact versus post-contact allows us to
investigate the statistical significance of change in animal behavior due to the pres-
ence of the shear layer. Additionally, gross trajectory parameters such as the vertical
net-to-gross-displacement ratio (V NGDR = net vertical displacement/gross vertical
displacement) and the proportional residence time (PRT = time spent in-layer/total
time in observation window) provide measures of the net effect of changes in behavior.
Statistical significance of changes in path kinematics (relative swimming speed,
turn frequency) are investigated via a single factor, nested, repeated measures ANOVA
between pre-contact and post-contact values and/or in-layer versus out-of-layer val-
ues. Similarly, statistical significance of changes in gross path parameters (PRT ,
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NGDR, V NGDR) are evaluated via a single factor, nested ANOVA between con-
trol and treatment (upwelling or downwelling) values. The single factor (or treat-
ment) is the vertical shear layer itself, which has two treatments levels, upwelling
and downwelling. The repeated measures aspect of the statistical analysis indicates
that pre-contact versus post-contact or in-layer versus out-of-layer values are exam-
ined and compared for each individual zooplankter, not just the entire pre-contact
(or in-layer) data set versus the entire post-contact (or out-of-layer) data set. This
statistical design helps to account for individual variability in zooplankton behavior
(e.g. male copepods typically swim faster than females Mauchline 1998, ?). The gen-
eral linear model is used because of the unbalanced design, whereas the nested aspect
indicates that experimental replicate effects are tested for as a “factor” nested inside
the treatment level. The data are pooled if replicate effects are insignificant and the
pooled error variance is used. For some of the results presented below, experimental
replicate effects are significant, but importantly the variance that this introduces in
the analysis is accounted for in the nested design.
Examining the ANOVA results reported in Tables 4.2 – 4.6 sheds light on the
effect of the finescale upwelling and downwelling shear layers in inducing behavioral
responses in each zooplankter. The approach in interpretation will be to determine
how shear-induced changes in path kinematics trickle up to larger scale phenomena,
particularly in the context of foraging and high-density plankton aggregations. In
Tables 4.2 and 4.3, three p-values are given from the ANOVA. The p-value reported in
the first column (Layer Effect) indicates the significance of behavioral differences due
to the effects of an upwelling versus downwelling jet on zooplankton. The p-value in
the second column (Location Effect) indicates the significance of behavioral differences
due to an individual zooplankters presence in the shear layer region versus outside of
it, or pre-contact with the shear layer region versus post-contact. Finally, the p-value
in the last column (Location by Layer Effect) indicates whether or not statistically
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significant differences in in-layer versus out-of-layer or pre-contact versus post-contact
are contingent upon layer type (i.e. upwelling versus downwelling). As shown in
Tables 4.2 and 4.3, the repeated-measures portion of the ANOVA was conducted for
“in-layer” versus “out-of-layer” for the copepods in contrast to “pre-contact” versus
“post-contact” for the larger species. This was necessitated by the fact that an
overwhelming proportion of the copepod trajectories entered the observation window
“In-Layer” and thus there was no “Pre-contact” value for any behavioral parameter.
Importantly, both analyses examine the same underlying question of the significance
of the presence of the shear layer in inducing changes in behavior. Similarly, in Tables
4.4 and 4.6 the reported p-value (Treatment versus Control) evaluates the significance
of either upwelling or downwelling shear layers in evoking changes in PRT , NGDR,
or V NGDR when compared to control values.
4.2.2.1 Acartia negligens
A. negligens showed an excited behavioral response through a statistically significant
increase in relative swimming speed in-layer versus out-of-layer (Location Effect, p
<0.0001, Table 4.2, Figure 4.25), indicating a direct behavioral response to the shear
layer. The insignificant interaction effect (Location by Layer Effect, p = 0.25, Table
4.2) indicates that the behavioral response (i.e. increased relative swimming speed)
was the same under upwelling and downwelling conditions, while the significant layer
effect (Layer Effect, p <0.0001, Table 4.2) indicates that swimming speeds were higher
on average under upwelling conditions.
A significant layer effect for turn frequency (Layer Effect, p = 0.01, Table 4.3,
Figure 4.26) indicates that, as for relative swimming speed, turn frequency is higher
on average under upwelling conditions. The significant interaction effect for turn fre-
quency (Location by Layer Effect, p = 0.04, Table 4.3) indicates that changes in turn
frequency in response to the shear layer show different trends under upwelling versus
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Table 4.2: Single-factor, Repeated Measures ANOVA Results for Relative Swimming Speed. *Indicates Significant Difference
for p <0.05















Upwelling 39 9.0 7.6 < 0.0001* < 0.0001* 0.25
Downwelling 72 6.8 6.0
Clausocalanus furcatus
Upwelling 56 6.6 5.2 0.15 0.01* 0.01*













Upwelling 80 19.7 18.0 0.68 0.96 0.02*
Downwelling 80 18.4 20.2
Neomysis americana
Upwelling 50 18.8 20.6 0.02* 0.03* 0.68
Downwelling 50 16.5 17.4
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Table 4.3: Single-factor, Repeated Measures ANOVA Results for Turn Frequency. * Indicates Significant Difference for p
<0.05















Upwelling 39 6.7 7.0 0.01* 0.43 0.04*
Downwelling 72 6.5 5.9
Clausocalanus furcatus
Upwelling 56 6.1 5.8 0.29 0.04* 0.73













Upwelling 80 4.8 4.1 0.001* 0.002* 0.75
Downwelling 80 5.8 5.0
Neomysis americana
Upwelling 50 5.7 5.4 0.02* 0.17 0.78
Downwelling 50 6.6 6.1
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Table 4.4: Single-factor ANOVA Results for Proportional Residence Time. * Indi-
cates Significant Difference for p <0.05




Upwelling 39 0.43 0.44
Downwelling 72 0.39 0.76
Control 54 0.42
Clausocalanus furcatus
Upwelling 56 0.48 < 0.0001*
Downwelling 40 0.40 < 0.0001*
Control 24 0.22
Panopeus herbstii
Upwelling 80 0.31 0.95
Downwelling 80 0.31 0.98
Control 40 0.37
Neomysis americana
Upwelling 50 0.37 0.02*
Downwelling 50 0.45 < 0.0001*
Control 25 0.30
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Table 4.5: Single-factor ANOVA Results for Net-to-Gross-Displacement Ratio
(NGDR). * Indicates significant difference for p <0.05.




Upwelling 39 0.54 < 0.0001*
Downwelling 72 0.43 < 0.0001*
Control 54 0.18
Clausocalanus furcatus
Upwelling 56 0.51 < 0.0001*
Downwelling 40 0.51 < 0.0001*
Control 24 0.24
Panopeus herbstii
Upwelling 80 0.55 0.08
Downwelling 80 0.61 0.49
Control 40 0.65
Neomysis americana
Upwelling 50 0.60 0.84
Downwelling 50 0.51 0.14
Control 25 0.63
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Table 4.6: Single-factor ANOVA Results for Vertical-Net-to-Gross-Displacement
Ratio (V NGDR). * Indicates significant difference for p <0.05.




Upwelling 39 0.61 < 0.0001*
Downwelling 72 0.47 0.003*
Control 54 0.25
Clausocalanus furcatus
Upwelling 56 0.56 < 0.0001*
Downwelling 40 0.62 < 0.0001*
Control 24 0.24
Panopeus herbstii
Upwelling 80 0.48 0.04*
Downwelling 80 0.50 0.08
Control 40 0.61
Neomysis americana
Upwelling 50 0.45 0.29
Downwelling 50 0.46 0.41
Control 25 0.55
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downwelling conditions. Namely, turn frequency remained statistically unchanged
under upwelling conditions and increased under downwelling conditions (Table 4.3).
Interestingly, a significant interaction term has the potential to mask the significance
of individual levels of the main effect (i.e. location effects under upwelling versus



































Figure 4.25: Relative Swimming Speed Responses in Upwelling and Downwelling
Treatments for Acartia negligens. Error bars span a range of twice the standard error.
To more clearly assess the potential of finescale vertical shear layers to induce
population scale aggregations of A. negligens, it is useful to examine changes in gross
path parameters such as net-to-gross-displacement-ratio (NGDR) and proportional
residence time (PRT ) (Tables 4.4 and 4.5, Figure 4.27). Under upwelling conditions,
this particular combination (i.e. the magnitude of the changes) of increased rela-
tive swimming speed and unchanged turn frequency in response to the shear layer
resulted in no change in proportional residence time (Treatment to Control, p =
0.44, Table 4.4) as the animals simply cruised through the shear layer. Similarly






























Figure 4.26: Turn Frequency Responses in Upwelling and Downwelling Treatments
for Acartia negligens. Error bars span a range of twice the standard error.
and increased turn frequency in response to the shear layer resulted in no change in
residence time (Treatment to Control, p = 0.76, Table 4.4, Figure 4.27).
It is important, however, to understand that observing a significant change in
PRT is dependent on the spatial scale of behavioral observations. For example, if
we observed animal behavior in a 50 cm by 50 cm window, rather than a 10 cm
by 10 cm window, it is possible that larger scale aggregative phenomena would be
revealed. For this reason, it is useful to further examine parameters which describe
gross properties of zooplankton trajectories, such as the net-to-gross-displacement-
ratio (NGDR). Significant increases in NGDR were observed under both upwelling
and downwelling conditions when compared to control values (p <0.0001 Upwelling;
p <0.0001 Downwelling; Table 4.5, Figure 4.28). An increase in NGDR indicates
that copepod trajectories become more linear and less sinuous under both shear layer
treatments.
To gain further insight into the potential for upwelling and downwelling shear
































Figure 4.27: Proportional Residence Time (PRT ) in Various Treatments for Acartia

































Figure 4.28: Net-to-Gross-Displacement Ratio (NGDR) in Various Treatments for










































Figure 4.29: Vertical-Net-to-Gross-Displacement Ratio (V NGDR) in Various
Treatments for Acartia negligens. Error bars span a range of twice the standard
error.
to consider the vertical -net-to-gross-displacement-ratio (V NGDR). An increase in
V NGDR indicates that path trajectories become more linear vertically and that ver-
tical displacement is not retraced throughout the course of the trajectory. Similarly,
a decrease in V NGDR indicates that all vertical displacement throughout the course
of a trajectory was retraced, yielding low net vertical displacement. Significant in-
creases in V NGDR were observed under both upwelling and downwelling conditions
when compared to control values (p <0.0001 Upwelling; p = 0.003 Downwelling; Ta-
ble 4.6, Figure 4.29) indicating that the presence of the vertical shear layer causes a
preferential alignment of the trajectory parallel to the shear strain rate isocontours
(i.e. parallel to the gravity vector).
More information about population-level behavioral phenomena is gained by look-
ing at histograms of V NGDR under control and shear layer treatments (Figure 4.30).
A V NGDR histogram can be viewed as a spectra of depth-keeping behavior, where
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low values (→ 0) indicate “U-shaped” or “C-shaped” trajectories with low net ver-
tical transport and thus strong depth-keeping behavior. Similarly, high V NGDR
values (→ 1) indicate straight vertical trajectories with high net vertical transport
and thus weak depth-keeping behavior, referred to here as active vertical advection.
For A. negligens, it is clear that even though on average V NGDR did increase, there
was also a spread of population V NGDR values towards both low and high values
resulting in a somewhat bimodal distribution. This suggests that significant por-
tions of the population were explicitly exhibiting both depth-keeping behavior (low
V NGDR values) and active vertical advection (high V NGDR values). It is possi-
ble, but not explicitly shown in the data here, that straight vertical trajectories are
simply portions of larger scale “U-shaped” or “C-shaped” trajectories, which would
indicate that both are revealing similar behavioral phenomena on different spatial
scales. Nonetheless, what is explicitly seen in the data for A. negligens is that not
only do vertical shear layers cause a preferential trajectory alignment to the vertical
along the shear isocontours (high V NGDR values), but copepods are also resisting
large scale vertical advection through depth-keeping behavior (low V NGDR values),
at least when gradients of vertical velocity are readily coherent and sensible and other
sensory cues are absent.
4.2.2.2 Clausocalanus furcatus
The other calanoid copepod tested, C. furcatus, exhibited behavioral responses similar
to A. negligens, but with some exceptional differences. As with A. negligens, C.
furcatus showed excited behavior through a statistically significant increase in relative
swimming speed in-layer versus out-of-layer (Location Effect, p = 0.01, Table 4.2),
again indicating a direct behavioral response to the shear layer; however, responses
to upwelling and downwelling were significantly different (Location by Layer Effect,






























































Figure 4.31: Relative Swimming Speeds in Upwelling and Downwelling Treatments
for Clausocalanus furcatus. Error bars span a range of twice the standard error.
conditions and remained statistically unchanged under downwelling conditions (Table
4.2, Figure 4.31). Furthermore, in contrast to A. negligens, relative swimming speeds
were, on average, equal under upwelling and downwelling conditions (Layer Effect, p
= 0.15, Table 4.2).
C. furcatus showed significant increases in turn frequency in-layer versus out-of-
layer for both upwelling and downwelling shear layers (Location Effect, p = 0.04,
Location by Layer Effect, p = 0.73, Table 4.3). As with relative swimming speed, C.
furcatus showed statistically identical turn frequencies, on average, under upwelling
and downwelling conditions, indicating that it is the presence of the shear layer itself
that is important in producing behavioral responses (Table 4.3, Figure 4.32).
Here, the combined effects of an increased (upwelling) or unchanged (downwelling)
relative swimming speed in-layer plus an increased (upwelling and downwelling) turn
frequency resulted in a significant increase in PRT for both upwelling and downwelling
shear layer treatments when compared to control values (Layer to Control, p <0.0001,
































Figure 4.32: Turn Frequency in Upwelling and Downwelling Treatments for Clau-
socalanus furcatus. Error bars span a range of twice the standard error.
gradients of vertical velocity alone appears sufficient to cause finescale, population-
level aggregations of C. furcatus.
Again, to evaluate the potential effects of the vertical shear layers in terms of larger
scale aggregative phenomena, it is useful to examine changes in gross path parameters
such as NGDR and V NGDR. As for A. negligens, NGDR increased significantly
under both upwelling and downwelling conditions when compared to control values (p
<0.0001 Upwelling; p <0.0001 Downwelling; Table 4.5, Figure 4.34), indicating that
copepod trajectories became more linear and less sinuous.
As for A. negligens, it is useful to consider the vertical -net-to-gross-displacement-
ratio (V NGDR) to evaluate shear layer effects on the vertical distribution of copepod
populations. Recall that an increase in V NGDR indicates that path trajectories be-
come more linear vertically and that vertical displacement is not retraced throughout
the course of the trajectory. Again, a decrease in V NGDR indicates that all vertical
displacement throughout the course of a trajectory was retraced, yielding low net ver-






























Figure 4.33: Proportional Residence Time (PRT ) in Various Treatments for Clau-

































Figure 4.34: Net-to-Gross-Displacement Ratio (NGDR) in Various Treatments for










































Figure 4.35: Vertical-Net-to-Gross-Displacement Ratio (V NGDR) in Various
Treatments for Clausocalanus furcatus. Error bars span a range of twice the stan-
dard error.
in V NGDR under both upwelling and downwelling conditions when compared to
control values (p <0.0001 Upwelling; p <0.0001 Downwelling; Table 4.6, Figure 4.35)
indicating that the presence of the vertical shear layer causes a preferential alignment
of the trajectory parallel to the shear strain rate isocontours (i.e. parallel to the
gravity vector).
Again, more information is gained by looking at histograms of V NGDR (Fig-
ure 4.36). Phenomena similar to A. negligens are seen for C. furcatus under both
upwelling and downwelling treatments. It is clear that even though on average the
V NGDR did increase, there was also a spread of population V NGDR to high (→
1, straight vertical trajectories) and low (→ 0, “U-shaped” or “C-shaped” trajecto-
ries) values, with smaller peaks at intermediate values of V NGDR. This results in
a somewhat bimodal distribution and suggests that significant portions of the popu-
lation were explicitly exhibiting both depth-keeping behavior (low V NGDR values)
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and active vertical advection (high V NGDR values). As for the other calanoid cope-
pod A. negligens, the data for C. furcatus explicitly shows that not only do vertical
shear layers cause a preferential trajectory alignment to the vertical along the shear
isocontours (high V NGDR values), but copepods are also resisting large scale verti-
cal advection through depth-keeping behavior (low V NGDR values), at least when
gradients of vertical velocity are readily coherent and sensible and other sensory cues
are absent.
4.2.2.3 Panopeus herbstii Megalops
P. herbstii megalops showed a direct behavioral response to the vertical shear layers
through a statistically significant increase in turn frequency pre-contact versus post-
contact with the layer under both upwelling and downwelling conditions (Exposure
Effect, p = 0.002, Exposure by Layer Effect, p = 0.75, Table 4.3, Figure4.37). Inter-
estingly, P. herbstii turned more frequently, on average, under downwelling conditions
as compared to upwelling (Layer Effect, p = 0.001, Table 4.3).
Insignificant layer and exposure effects for relative swimming speed (Layer Effect,
p = 0.68, Exposure Effect p = 0.96, Table 4.2, Figure 4.38) reveal that, on aver-
age, swimming speeds under upwelling and downwellings conditions are the same, as
they are in the presence or absence of a vertical shear layer. However, importantly,
a significant interaction term indicates that the trends in relative swimming speed
response are different under upwelling versus downwelling conditions (Exposure by
Layer Effect, p = 0.02, Table 4.2), namely swimming speeds increased post-contact in
the upwelling layer while they decreased post-contact under downwelling conditions.
As observed in Figure 4.38, the conflicting trends are masking the significance of the
main effects in the statistical analysis.
For P. herbstii megalops, the combined effects of an increased turn frequency


























































Figure 4.37: Turn Frequency in Upwelling and Downwelling Treatments for





























Figure 4.38: Relative Swimming Speed in Upwelling and Downwelling Treatments































Figure 4.39: Proportional Residence Time (PRT ) in Various Treatments for
Panopeus herbstii. Error bars span a range of twice the standard error.
(upwelling) or decrease (downwelling) in relative swimming speed simply changed the
overall heading of the trajectories and resulted in no significant increase in PRT due
to the presence of either upwelling or downwelling vertical shear layers (Treatment to
Control, p = 0.94 Upwelling, p = 0.97 Downwelling, Table 4.4, Figure 4.39).
In contrast to both of the calanoid copepods, estuarine P. herbstii megalops
showed no significant changes in NGDR in response to either upwelling or down-
welling shear layers (p = 0.08 Upwelling; p = 0.49 Downwelling; Table 4.5, Figure
4.40), although the decrease in NGDR under upwelling conditions was significant to
a slightly lower confidence level (i.e. p <0.1) indicating that trajectories became more
sinuous under the upwelling shear layer treatment.
A significant decrease in V NGDR for upwelling and no change in V NGDR for
downwelling compared to control treatments (Treatment to Control, p = 0.04 Up-
welling, 0.08 Downwelling, Table 4.6, Figure 4.41) indicates that under upwelling
conditions path trajectories became more horizontal and sinuous and vertical dis-







































Figure 4.40: Net-to-Gross-Displacement Ratio (NGDR) in Various Treatments for
Panopeus herbstii. Error bars span a range of twice the standard error.
However, again the decrease in V NGDR under downwelling conditions was signifi-
cant, but to a slightly lower confidence level (i.e. p <0.1), indicating that trajectories
similarly became more horizontal and sinuous under the downwelling shear layer
treatment but to a lesser extent.
Examination of V NGDR histograms for P. herbstii (Figure 4.42) reveals behav-
ioral phenomena similar to that seen for both calanoid copepods in which V NGDR
values are weighted toward higher and lower values for shear layer treatments in
a somewhat bimodal distribution. However, in contrast to the copepods whose
V NGDR histograms under control conditions were skewed towards lower values and
not bimodal, the control V NGDR histogram for P. herbstii was already somewhat
bimodally distributed towards higher and lower values. This suggests that observed
changes are likely the simple decreases seen statistically through the ANOVA. There-
fore, in contrast to both calanoid copepod species, for P. herbstii megalops the pres-
ence of vertical shear layers causes a preferential trajectory alignment in the direction













































Figure 4.41: Vertical-Net-to-Gross-Displacement Ratio (V NGDR) in Various
Treatments for Panopeus herbstii. Error bars span a range of twice the standard
error.
behavior (decreased V NGDR values), possibly in an effort to obtain the maximum
amount of information about the hydrodynamic environment by sweeping in the gra-
dient direction (e.g. across a frontal feature) while resisting vertical advection.
4.2.2.4 Neomysis americana
In contrast to the other estuarine zooplankter, P. herbstii, the mysid N. americana
showed a direct behavioral response to the vertical shear layer through a statistically-
significant decrease in relative swimming speed pre-contact versus post-contact with
the layer (Exposure Effect, p = 0.03, Table 4.2, Figure 4.43) under both upwelling and
downwelling conditions (Exposure by Layer Effect, p = 0.68, Table 4.2). Additionally,
relative swimming speeds were on average higher under upwelling conditions versus
downwelling (Layer Effect, p = 0.02, Table 4.2).
Insignificant exposure and interaction terms for turn frequency (Exposure Effect,
p = 0.17, Exposure by Layer Effect, p = 0.78, Table 4.3, Figure 4.44) reveal that



























































Figure 4.43: Relative Swimming Speed in Upwelling and Downwelling Treatments
for Neomysis americana. Error bars span a range of twice the standard error.
or downwelling shear layers, although N. americana did turn more on average under
downwelling conditions as compared to upwelling (Layer Effect, p = 0.02, Table 4.3).
For N. americana, the combined effects of a decreased relative swimming speed
post-contact with the shear layer (both upwelling and downwelling) and no change in
turn frequency (both upwelling and downwelling) were sufficient to cause a significant
increase in PRT due to the presence of both upwelling and downwelling shear layers
(Treatment to Control, p = 0.02 Upwelling, p <0.0001 Downwelling, Table 4.4, Figure
4.45).
In contrast to all three previously discussed zooplankton species, N. americana
is the only species tested whose overall trajectory shape was uninfluenced by the
vertical shear layers, as there was no significant change in either NGDR or V NGDR
for either upwelling or downwelling (Tables 4.5 and 4.6). However, although not
significant there is a decrease in both NGDR and V NGDR under both upwelling

































Figure 4.44: Turn Frequency in Upwelling and Downwelling Treatments for Neom-


































Figure 4.45: Proportional Residence Time (PRT ) in Various Treatments for Neom-






































Figure 4.46: Net-to-Gross-Displacement Ratio (NGDR) in Various Treatments for










































Figure 4.47: Vertical-Net-to-Gross-Displacement Ratio (V NGDR) in Various
Treatments for Neomysis americana. Error bars span a range of twice the standard
error.
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Interestingly, examination of V NGDR histograms for N. americana reveals simi-
lar phenomena as observed for both calanoid copepods (Figure 4.48). It is clear that
even though statistically the V NGDR did not change, there was a definite spread
of population V NGDR to high (→ 1, straight vertical trajectories) and low (→ 0,
“U-shaped” or “C-shaped” trajectories) values. This results in a somewhat bimodal
distribution and suggests that significant portions of the population exhibit both
depth-keeping behavior (low V NGDR values) and active vertical advection (high
V NGDR values).
4.2.2.5 Summary of Results
Holistically, a few interesting results stand out. First, all species showed a statistically
significant behavioral response to the vertical shear layers through changes in relative
swimming speed and/or turn frequency in-layer versus out-of-layer (tropical calanoid
copepods) or pre-contact versus post-contact (estuarine crabs megalops and mysid).
The combination of behavioral responses leads to significantly increased time spent
in the shear layer region for two of the four species (C. furcatus and N. Americana),
which can directly scale up to population-level aggregations on the finescale. For the
other two species, increased PRT and population-level aggregations seem likely when
considering the data through the lens of the spatial scale of the current behavioral
observations as well as the relevant ecological contexts in situ, discussed thoroughly
in the subsections below. Second, both coral reef copepod species tested, A. negligens
and C. furcatus, showed increasingly vertical and linear swimming trajectories in the
presence of finescale upwelling and downwelling layers. In contrast, both estuarine
species, P. herbstii and N. americana, showed increasingly horizontal and sinuous
swimming trajectories in the vertical shear layers (although not statistically significant
for N. americana). As discussed in the subsections below and summarized in Table


























Figure 4.48: Histograms of V NGDR in Various Treatments for Neomysis americana
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differing hydrodynamic and ecological realities in situ and the unique life histories
and strategies of the species involved.
4.2.3 Discussion
Interpreting behavioral responses in the proper ecological context for each species is
crucial for assessing the full implications of the present study. A few important find-
ings common to all species are discussed briefly below before each species is discussed
in its own ecological context.
There is strong, statistically-significant evidence that, in the absence of any other
sensory cue, the direction of vertical flow is largely unimportant. For each species
tested, behavioral responses to upwelling versus downwelling shear layers are essen-
tially identical (Tables 4.8 - 4.11). The majority of changes in path kinematics are
the same for upwelling versus downwelling treatments (Tables 4.8 - 4.11). Further,
the way in which changes in path kinematic parameters affected gross path parame-
ters and/or trajectory shape (NGDR, V NGDR, PRT ) is identical under upwelling
versus downwelling for each species (Tables 4.8 - 4.11), although for one species (P.
herbstii) and one parameter (V NGDR decrease under downwelling conditions) the
confidence level was slightly lower (p <0.1).
Thus, what is important is the presence of horizontal gradients of vertical veloc-
ity, which often demarcate boundaries between water masses of differing hydrographic
and/or biochemical conditions at marine fronts. Furthermore, for each species, under
both upwelling and downwelling conditions, significant changes (or lack thereof) in
PRT (the proportion of time spent in the jet layer) are either increases or no changes
(Tables 4.8 - 4.11). Thus, the presence of a vertical shear layer on the finescale, re-
gardless of flow direction and in the absence of any other sensory cue, is always an
attractive (or neutral) feature that induces behavioral responses in zooplankton from
a variety of ecological settings with a variety of morphological and mechanosensory
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Table 4.7: Summary of Statistically Significant Behavioral Responses for All Species Tested. ↑ (↓) Indicates a Statistically
Significant Increase (Decrease) between Out-of-Layer and In-Layer Values (Copepods) or Pre-contact and Post-contact Values
(Crab Larvae, Mysids) of Swimming Speed and Turn Frequency or between Control and Upwelling/Downwelling Values of
V NGDR, NGDR, and PRT . = Indicates No Significant Change.






V NGDR NGDR PRT
Acartia negligens
Upwelling ↑ = ↑ ↑ =
Downwelling ↑ ↑ ↑ ↑ =
Clausocalanus furcatus
Upwelling ↑ ↑ ↑ ↑ ↑
Downwelling = ↑ ↑ ↑ ↑
Panopeus herbstii
Upwelling ↑ ↑ ↓ = =
Downwelling ↑ ↑ = = =
Neomysis americana
Upwelling ↓ = = = ↑
Downwelling ↓ = = = ↑
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adaptations. In this study, a vertical shear layer is never an aversive or dispersive
sensory cue. Additionally, shear-induced changes in population V NGDR histograms
for all species indicate that significant portions of all populations are exhibiting both
depth-keeping behavior and active vertical advection under both upwelling and down-
welling conditions. As an aggregative cue which often induces depth-keeping behavior,
a persistent vertical shear layer is likely a common mechanism which acts to generate
patchiness in a variety of coastal marine ecosystems on a variety of spatiotemporal
scales.
4.2.3.1 Acartia negligens and Clausocalanus furcatus
For calanoid copepods, the ability to sense and incorporate hydrodynamic (and chem-
ical) information is a matter of life and death. From setting up inconspicuous feeding
currents and capturing prey particles efficiently (Paffenhöfer 1998, Kiørboe and Visser
1999, Malkiel et al. 2003, Kiørboe 2011), to predator detection and escape behaviors
(Fields and Yen 1997, Fields and Yen 1997, Viitasalo et al. 1998,Holzman and Wain-
wright 2009), to mate detection (Yen et al. 1998) and foraging (Woodson et al. 2007),
life is hydrodynamics. For the coral reef-dwelling calanoid copepods Acartia negligens
and Clausocalanus furcatus, life in highly-predacious, high-visibility waters presents
some unique challenges.
To better understand the implications of the observed behavioral responses to
both upwelling and downwelling shear layers for these copepods, it is important to
consider the hydrodynamic and ecological realities in situ. The coral reef where these
copepods were collected is a vibrant fringing reef in the Gulf of Aqaba, Red Sea.
Reef hydrodynamics are largely dominated by longshore tidal flows and cross-shore
thermally-driven diel exchange flows (Figure 4.49) between the reef and deep ocean
(Monismith et al. 2005). Both free stream flows over the rough bed of the fringing
reef generate fully-developed benthic boundary layers that agree well with turbulent
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Figure 4.49: Thermally-Driven Diel Exchange Flow Between a Fringing Reef and
the Deep Ocean
boundary layer flow theory ((Figure 4.50),Reidbenbach et al. 2006).
The net effect of thermally-driven diel exchange flows is to flush out warm, nutrient-
poor, oxygen-and-food-depleted reef waters with cold, nutrient-oxygen-and-food-rich
deep, offshore waters. Similarly, just as turbulent boundary layer flows efficiently
transport high-momentum fluid vertically towards the bed and low-momentum fluid
vertically away from the bed, nutrient-poor, oxygen-and-food-depleted benthic waters
are transported vertically into the free stream flow higher in the water column while
nutrient-oxygen-and-food-rich free stream waters are transported vertically down-
wards into the benthic boundary layer near the reef bed where intense productivity
and predation act to deplete the near-bed waters.
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Coral Reef Boundary Layer Flow
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Figure 4.50: Well-developed Turbulent Boundary Layer Flow over a Fringing Reef
Bed
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Of course reef ecology and productivity are intricately linked to local hydrodynam-
ics which effectively transport passive scalars such as mass (food, dissolved nutrients,
dissolved oxygen), heat (temperature), and momentum (drag and lift forces, shear
stresses, etc.) which are vital to reef dynamics and livelihood. Indeed, Yahel et al.
(Yahel et al. 1998) measured phytoplankton abundances on this fringing reef and
found greatly reduced phytoplankton abundances in near-bed waters (1 - 3 m) due to
benthic grazing by soft corals. Furthermore, the carbon flux input to near-bed reef
waters due to phytoplankton was significantly higher when compared to that due to
zooplankton. This suggests that zooplankton (predominantly copepods on this reef)
probably reside higher in the water column where they can forage in food-rich waters
while avoiding predation pressure. This was later confirmed by Yahel et al. (Yahel
et al. 2005) who documented substantial depletion of zooplankton abundances near
the reef bed, which was more pronounced nocturnally, probably due to diel vertical
migration. Similarly, Holzman et al. (Holzman et al. 2005) found vertical gradients of
zooplankton abundances with substantial near-bed depletion in the benthic boundary
layer (∼ 1.5m), with the strength of the gradient dependent on the swimming abil-
ity of the zooplankton species. Gradients were steepest for the strongest swimmers
(copepods and polychaetes), suggesting bottom-avoidance behavior through active
vertical swimming behavior (Genin et al. 2005). This has given rise to the idea of a
vertical gradient of predation pressure (Motro et al. 2005) that strongly influences the
vertical distribution of zooplankton in reef water columns. Collectively, these stud-
ies indicate that there is an optimal depth at which copepods can forage effectively
while avoiding predation pressure from below (zooplanktivourous reef-dwelling fish)
and above (zooplankton become very conspicuous high in the water column in high
visiblity reef waters). Of course, predation pressure and food availability change on a
diel cycle and are intricately linked to diel vertical migratory behaviors observed for
many reef-dwelling zooplankton species (Yahel et al. 2005).
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The findings of the present study are consistent with copepod behavior that would
maximize foraging and mate-finding success while minimizing predation pressure in
situ in the fringing reef habitat. Namely, observed behavioral responses suggest that
in the absence of phototactic cues and in the presence of finescale upwelling and
downwelling shear flows, both Acartia negligens and Clausocalanus furcatus will ex-
ploit the information contained in a coherent shear structure to seek out regions of
low vertical velocity in order to avoid large net vertical advection. This behavior is
indicative of preferential depth-keeping within an optimal range of the water column,
consistent with acoustic tracking studies of zooplankton on the reef in situ (Genin
et al. 2005).
Overall, the hop-sink swimming Acartia negligens and the cruise-swimming Clau-
socalanus furcatus each responded almost identically to upwelling and downwelling
shear layers in terms of path kinematic parameters (relative swimming speed and turn
frequency) (Tables 4.8 and 4.9). For both copepods, changes in relative swimming
speed in-layer versus out-of-layer for both upwelling and downwelling layers were al-
ways increases, with the exception of C. furcatus in the downwelling layer, in which
speed remained unchanged (Tables 4.8 and 4.9). This indicates that copepods are
typically maintaining swimming speeds higher than ambient vertical flow velocities, a
necessary precursor to depth-keeping behavior, at least given a spatiotemporally per-
sistent shear signal. Similarly, for both copepods, changes in turn frequency in-layer
versus out-of-layer for both upwelling and downwelling layers were always increases,
with the exception of A. negligens in the upwelling layer, in which turn frequency
remained unchanged (Tables 4.8 and 4.9). Thus, in the absence of phototactic cues,
copepod behavioral responses to both upwelling and downwelling shear layers are
predominantly excited behaviors, rarely unchanged, and never subdued. Increasing
relative swimming speed and increasing turn frequency in response to coherent shear
structures allows copepods to effectively sample the surrounding volume and use
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the available hydrodynamic information to make decisions which optimize habitat-
partitioning and life success.
The one behavioral response that was different for A. negligens than C. furcatus
was proportional residence time (PRT ), or the fraction of time spent within the
jet versus outside (Tables 4.8 and 4.9). It seems likely that the disparity is easily
understood when considering differences in morphology and swimming style between
the two copepods. The significantly increased PRT in response to both the upwelling
and downwelling shear layers for the cruise-swimming C. furcatus (Table 4.9) indicates
that, through shear sensing and active behavioral responses, copepods remain in the
geometrical area of the shear layer significantly longer than they would remain in
the same area in a stagnant flow field. In contrast, PRT remained unchanged (and
did not decrease) under both upwelling and downwelling conditions for the hop-sink-
swimming A. negligens (Table 4.8). Cruise-swimming copepods are able to sense
and incorporate hydrodynamic information via an array of mechanosensory hairs
(setae) along the antennules (Yen et al. [1992], Fields et al. [2002]) while cruising.
Hop-sinkers can also sense and incorporate hydrodynamic information via an array
of setae, however they can only incorporate information effectively while sinking,
not hopping (see Figure 2.2, e.g. Mauchline [1998]). Thus, the cruise-swimming
C. furcatus can remain in the upwelling and downwelling shear layers directly (i.e.
increased PRT ) while incorporating information about the shear stress field and
resisting vertical advection in an optimal depth-keeping effort. For the hop-sinking
A. negligens, however, incorporating hydrodynamic information while in the upwelling
and/or downwelling shear layers would require not hopping, and thus sinking while
being advected with the mean flow, which is contrary to its likely goals of maintaining
an optimal depth within the water column. This is perhaps a competitive advantage
for C. furcatus, as copepods (and plankton in general) that are able to sense spatial
gradients of fluid velocity can exploit the ambient flow to, for example, swim against
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the flow and allow prey to be advected into their feeding spheres (Genin et al. [2005]).
Convincing evidence for individual and population-level depth-keeping behavior
is not obvious at first, but is revealed by examining V NGDR histograms. Recall
that a V NGDR histogram can be viewed as a spectra of depth-keeping behavior,
where low values (→ 0) indicate “U-shaped” or “C-shaped” trajectories with low net
vertical transport and thus strong depth-keeping behavior. Similarly, high V NGDR
values (→ 1) indicate straight vertical trajectories with high net vertical transport
and thus weak depth-keeping behavior, referred to here as active vertical advection.
For A. negligens and C. furcatus, it is clear that even though on average V NGDR did
increase, there was also a preferential spread of population V NGDR values towards
both low and high values resulting in a bimodal distribution. This suggests that
significant portions of the population were explicitly exhibiting both depth-keeping
behavior (low V NGDR values) and active vertical advection (high V NGDR values).
It is possible, but not explicitly shown in the data here, that straight vertical trajecto-
ries are simply portions of larger scale “U-shaped” or “C-shaped” trajectories, which
would indicate that both are revealing similar depth-keeping behavioral phenomena
on different spatial scales. Nonetheless, what is explicitly seen in the data for A.
negligens and C. furcatus is that not only do vertical shear layers cause a preferential
trajectory alignment to the vertical along the shear isocontours (increased V NGDR
values), but copepods are likely also resisting large scale vertical advection through
depth-keeping behavior (population spread to low V NGDR values), at least when
gradients of vertical velocity are readily coherent and sensible and other sensory cues
are absent. While preferential alignment of trajectories parallel to the shear strain
rate iso-contours (the vertical) could act as a physical boundary of ecological sig-
nificance leading to horizontally patchy distributions given persistent hydrodynamic
features, individual copepods resisting large scale net vertical advection in an effort to
maintain optimal depth could produce population-level aggregations within a finite
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Table 4.8: Acartia negligens: Summary of Behavioral Responses to Upwelling and
Downwelling Jets. ↑ (↓) Indicates a Statistically Significant Increase (Decrease) be-
tween Out-of-Layer and In-Layer Values (Speed, Turn Frequency) or Control and
Upwelling/Downwelling Values (VNGDR, PRT). = Indicates No Significant Change.
* Indicates a Significant Interaction between Location and Layer Effects (i.e., Layer
Trends Are Dependent on Upwelling Versus Downwelling). + Indicates which Value
is Significantly Higher, Upwelling or Downwelling, due to Significant Layer Effects.
















region of the water column (as optimized by reduced predation risk and prey/mate
availability). These two mechanisms acting in concert could likely act as mechanisms
of both horizontal and vertical patchiness in situ.
4.2.3.2 Panopeus herbstii Megalops
To appreciate the implications of the observed behavioral responses for P. herbstii,
it is crucial to understand the hydrodynamic and ecological realities in situ in the
Wassaw Sound estuary. Additionally, the nature by which larval stage-dependent
behavioral responses to physical and chemical cues combine with lower frequency
vertical migrations (ontogenetic, diel, and tidal), while being superimposed on local
hydrodynamics, to produce complex larval dispersal trajectories must be considered.
Interpreting results in the context of the correct larval stage and its stage-dependent
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Table 4.9: Clausocalanus furcatus: Summary of Behavioral Responses to Upwelling
and Downwelling Jets. ↑ (↓) Indicates a Statistically Significant Increase (Decrease)
between Out-of-Layer and In-Layer Values (Speed, Turn Frequency) or Control and
Upwelling/Downwelling Values (VNGDR, PRT). = Indicates No Significant Change.
* Indicates a Significant Interaction between Location and Layer Effects (i.e., Layer
Trends Are Dependent on Upwelling Versus Downwelling). + Indicates which Value
is Significantly Higher, Upwelling or Downwelling, due to Significant Layer Effects.

















life-strategy will reveal the ecological significance of behavioral responses seen in the
data. Indeed, behavioral responses observed here to finescale upwelling and down-
welling shear layers show changes in path kinematics (relative swimming speed and
turn frequency) and gross path parameters (V NGDR) which produce depth-keeping
behavior in individuals (consistent with the classical Negative Feedback Model of
Sulkin (Sulkin 1984)). These changes in individual behavior would likely produce
population-scale aggregations around persistent frontal flow features in the absence
of any other dominating sensory cues.
Crab megalops are in the dispersed (pelagic) larval phase directly preceding ben-
thic settlement, and are known to exploit tidal cycles via mechanosensing of local
shear strain rate fields to control net horizontal transport in an effort to find optimal
settling habitat, the final selection of which is typically chemically-mediated (For-
ward et al. 2001). Thus, it is in the best interest of megalops to maintain depth at an
optimal position in the water column (as modulated by tidal levels) until a favorable
cue such as adult habitat substrate, aquatic vegetation, conspecific odors, estuarine
water, odor of a related crab species, and/or prey odor presents itself and induces
benthic settlement.
The ability to sense spatial gradients of fluid velocity and exploit that information
is a fundamental ability P. herbstii megalops require in order to navigate the com-
plex estuarine hydrodynamic environment in order to ultimately find suitable settling
habitat. Hydrodynamics in much of Wassaw Sound are largely tidally driven (tidal
range ∼ 2 − 3m) with extended periods of unidirectional flow and low wave action
under normal conditions (Smee et al. 2010). Moderate current speeds (∼ 0.5 m/s)
and relatively shallow depths (∼ 10− 15m) ensure that persistent tidally-modulated
vertical shear structure is ever present and ideal for Selective Tidal Stream Transport
(STST) (e.g. Forward et al. 2001, Forward et al. 2003) and/or habitat portioning
by competent pelagic crab larvae. Low freshwater input to the estuary ensures that
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the most persistent horizontal shear structure is likely to be associated with vertical
circulation along estuarine fronts separating water masses of differing hydrographic
and biochemical properties (Largier 1993). Thus, for these eminently-settling, chem-
ical cue-seeking P. herbstii megalops, depth-keeping and large-scale sweeping around
persistent frontal flows provides the potential to sample various chemical cues being
advected with the frontal circulation, possibly an energetically-favorable means of
optimal site-selection for benthic settlement (e.g Forward et al. 2001).
The trajectories of P. herbstii megalops become more horizontal and more sinu-
ous in the presence of persistent vertical shear layers. This conclusion is supported
by a significant increase in turn frequency under both upwelling and downwelling
conditions and a decrease in V NGDR under both conditions (although to a slightly
lower confidence level for downwelling) (Table 4.10). This behavior, coupled with an
explicit lack of aggregation at this scale (i.e. no change in PRT ) (Table 4.10), could
indicate a spatial sweeping across a persistent frontal feature, possibly in a forag-
ing or chemical cue seeking-context. The increase in relative swimming speed under
upwelling conditions and the decrease under downwelling conditions is not readily
explained (Table 4.10). Possible explanations include a direct, excited avoidance of
upward vertical advection given that benthic settlement is eminent, or perhaps an
excitement to sample upwelled waters for chemical-cues and thus information about
potential settlement sites. Collectively, megalopal behavioral responses indicate that
not only are they actively incorporating hydrodynamic information into real-time be-
havior, but they are also operating at a larger spatial scale than the finescale shear
layer presented here. This seems logical considering that with high swimming veloc-
ities (∼ 0.5 − 2 cm/s) and appendage-based setae they are likely to find themselves
in high shear regions before actually sensing the shear signal, especially given spa-
tiotemporally persistent gradients as in the present upwelling and downwelling shear
layers.
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Recall the brief discussion about V NGDR histograms for P. herbstii (Figure 4.42).
Behavioral phenomena similar to that seen for both calanoid copepods were observed,
in which V NGDR values were weighted toward higher and lower values for shear
layer treatments. However, in contrast to the copepods whose V NGDR histograms
under control conditions were skewed towards lower values and not bimodal, the con-
trol V NGDR histogram for P. herbstii was already somewhat bimodally distributed
towards higher and lower values. This suggests that observed changes are likely the
simple decreases seen statistically through the ANOVA. Therefore, in contrast to both
calanoid copepod species, for P. herbstii megalops the presence of vertical shear layers
likely simply causes a preferential trajectory alignment in the direction of changing
shear strain rate (i.e. the gradient direction) and increased depth-keeping behavior
(decreased V NGDR values), possibly in an effort to obtain the maximum amount of
information about the hydrodynamic environment by sweeping in the gradient direc-
tion (e.g. across a frontal feature) while resisting vertical advection. Megalops can
resist large scale net vertical advection by traversing “U-shaped” or “C-shaped” tra-
jectories by actively changing path kinematics (swimming speed and turn frequency),
at least when gradients of vertical velocity are readily coherent and sensible. Thus,
there is a significant tendency for the population to remain in a given portion of the
water column when presented with a persistent vertical shear layer, at least in the ab-
sence of other sensory cues, such as strong horizontal tidal flows or ambient chemical
cues. Knowing that typical estuarine systems feature prominent vertical circulation
at discrete frontal features separating water masses of different hydrographic and/or
biochemical properties, the megalopal behavior seen here is consistent with the idea
of a cue hierarchy by which they sense an initial shear cue which induces increased
sinuosity in path trajectories and horizontal sweeping across persistent frontal cir-
culation possibly in hopes of picking up additional chemical cues in a foraging or
settlement-substrate-seeking strategy.
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Table 4.10: Panopeus herbstii : Summary of Behavioral Responses to Upwelling
and Downwelling Jets. ↑ (↓) Indicates a Statistically Significant Increase (Decrease)
between Pre-contact and Post-contact Values (Speed, Turn Frequency) or Control and
Upwelling/Downwelling Values (VNGDR, PRT). = Indicates No Significant Change.
* Indicates a Significant Interaction between Location and Layer Effects (i.e., Layer
Trends Are Dependent on Upwelling Versus Downwelling). + Indicates which Value
is Significantly Higher, Upwelling or Downwelling, due to Significant Layer Effects.


















As the most abundant mysid in the Damariscotta River estuary on the coast of Maine,
and most other western Atlantic estuaries, N. americana serves a crucial role in es-
tuarine and coastal trophic transfer as an emerger (Schiariti et al. 2006, Sato and
Jumars 2008). As emergers, these mysids live in close proximity to the surface of
the sediment (the hyperbenthos) during the day, but emerge and migrate vertically
towards the water surface at night (Whiteley 1948). However, a significant portion
of the population is seen to remain at depth, suggesting that N. americana is not
a true diel vertical migrator (Herman 1963) and that there is a higher frequency
behavioral component of its vertical migration. This is most likely due to individ-
ual behavioral responses to changes in hydrographic variables (salinity, temperature,
tidal flow, turbidity, etc.) on diel, tidal and lunar time scales (that shift seasonally),
resulting in a continuous vertical interchange of the population throughout the night,
or a vertical spreading of the population (Sato and Jumars 2008). Social behavior
(swarming, schooling, shoaling, etc.) acting in concert with individual behavioral
responses to discontinuities in the estuarine environment can produce considerable
patchiness around persistent estuarine fronts (Mauchline 1980, Ritz 1994). The be-
havior observed here indicates the active use of cue hierarchies in habitat partitioning,
foraging, mate-seeking, and other fundamental life processes.
The Damariscotta River estuary in Maine is a partially-mixed, glacially-carved,
drowned river valley with relatively low freshwater discharge from Damariscotta Lake
(1 − 3m3/s). Tides are semidiurnal (range ∼ 3m) and hydrography closely resemble
that of nearby coastal waters. Relatively shallow depths (10−15m) and moderate to
low current speeds (maximum <0.3 m/s) ensure persistent shear structure consistent
with classical estuarine hydrodynamics. That is, persistent vertical shear structure
is likely generated by vertical gradients of tidally-driven, unidirectional horizontal
flow while persistent horizontal shear structure is likely to be associated with vertical
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circulation along estuarine fronts separating water masses of differing hydrographic
and/or biochemical properties (Largier 1993, Sato and Jumars 2008). For N. amer-
icana, employing a cue hierarchy such that the presence of persistent shear strain
rate fields can be exploited to locate changing hydrographic (salinity, density, tem-
perature) and biochemical (dissolved oxygen and nutrients, prey) properties likely
provides a distinct competitive advantage for habitat partitioning and optimization.
Field studies show that N. americana has been observed to aggregate around the
Estuarine Transition Zone (ETZ), a region characterized by sharp gradients of salinity,
temperature, and dissolved nutrients (Schiariti et al. 2006). At the ETZ, horizontal
pressure gradients driven by buoyancy forces associated with temperature and salinity
(i.e. density) gradients set up strong recirculation zones that act as retention cells
for everything from dissolved nutrients to planktivores (Largier 1993, Winkler et al.
2003, Winkler et al. 2007). Thus, it is clear that N. americana actively incorporates
sensory cues such as persistent shear structure on the individual level, which on the
population level can produce dense aggregations, swarms, schools, and shoals (Clutter
1969, Ritz 1994, Buskey 2000). Mysid behavioral responses to persistent upwelling
and downwelling shear layers observed here show not only direct aggregation around
frontal flow features but also individual and population-level depth-keeping behavior
similar to all other zooplankton species tested. Acting in concert, these effects have
the potential to produce considerable patchiness both horizontally and vertically,
with profound effects on the structure of estuarine ecosystems such as that in the
Damariscotta River estuary.
In the presence of persistent vertical flow structure similar to those encountered
in situ, N. americana decreased relative swimming speed pre-contact versus post-
contact with both upwelling and downwelling shear layers, while leaving turn fre-
quency unchanged under both conditions (Table 4.11). The combined effects here of
a post-contact decrease in relative swimming speed and no change in turn frequency
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resulted in a significant increase in PRT due to the presence of both upwelling and
downwelling shear layers (Table 4.11), hence showing explicit shear-induced aggre-
gation around persistent vertical flow structure. Thus, the presence of horizontal
gradients of vertical velocity is sufficient here to cause population-scale aggregations
of this estuarine emerger, which have been observed around frontal features of the
estuarine transition zone in a South American estuary (Schiariti et al. [2006]). In-
terestingly, in contrast to all three previous species, N. americana is the only species
tested whose overall trajectory shape was uninfluenced by the vertical shear layers
as there was no significant change in V NGDR for either upwelling and downwelling
(Table 4.11), although V NGDR did decrease (not significantly) on average for both
flow conditions, as it did for the other estuarine species tested P. herbstii (Table 4.6).
Once again, individual and population-scale depth-keeping behavior are revealed
by examining V NGDR histograms (Figure 4.48), analagous to the previous discussion
for both the tropical calanoid copepods. While it is true that statistically V NGDR
did not change for N. americana under either flow condition, there was a definite pref-
erential spread of population V NGDRs to high (→ 1, straight vertical line trajecto-
ries) and low (→ 0, “U- or C-shaped” trajectories) values. This results in a bimodal
distribution and suggests that significant portions of the population exhibit both
depth-keeping behavior (low V NGDR values) and active vertical advection (high
V NGDR values), similar to both copepod species. Thus, for N. americana not only
do vertical shear layers cause explicit population-level aggregation (increased PRT ),
but they also cause mysids to resist large scale net vertical advection by traversing
“U-shaped” or “C-shaped” trajectories (population spread to low V NGDR) by ac-
tively changing path kinematics (swimming speed and turn frequency), at least when
gradients of vertical velocity are readily coherent and sensible. Thus, there is a sig-
nificant tendency for the population to remain in a given portion of the water column
when presented with a persistent vertical shear layer, at least in the absence of other
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Table 4.11: Neomysis americana: Summary of Behavioral Responses to Upwelling
and Downwelling Jets. ↑ (↓) Indicates a Statistically Significant Increase (Decrease)
between Pre-contact and Post-contact Values (Speed, Turn Frequency) or Control and
Upwelling/Downwelling Values (VNGDR, PRT). = Indicates No Significant Change.
* Indicates a Significant Interaction between Location and Layer Effects (i.e., Layer
Trends Are Dependent on Upwelling Versus Downwelling). + Indicates which Value
is Significantly Higher, Upwelling or Downwelling, due to Significant Layer Effects.
















sensory cues. Knowing that typical estuarine systems feature prominent vertical cir-
culation at discrete frontal features separating water masses of different hydrographic
and/or biochemical properties, mysid behavioral responses seen here are consistent
with the idea of a cue hierarchy by which they sense an initial shear cue which induces
increased residence time in a persistent flow structure in hopes of gaining more useful
information from coincident chemosensory cues and/or high-density resource (food,





A recirculating flume apparatus with a laminar, planar free jet (the Bickley jet) was
used to create finescale gradients of vertical fluid velocity (shear) in both upwelling
and downwelling configurations for zooplankton behavioral assays. Planar particle
image velocimetry (PIV) was used to fully resolve the velocity (and shear) fields
allowing us to fine-tune experimental parameters to match fluid mechanical conditions
commonly reported in the field literature. These behavioral assays were designed in
an effort to determine the potential for persistent horizontal shear associated with
vertical flow structure to produce population scale aggregations, or patchiness.
Zooplankton behavioral assays with two tropical calanoid copepods, Acartia neg-
ligens and Clausocalanus furcatus, an estuarine mysid, Neomysis americana, and
the larvae of an estuarine mud crab, Panopeus herbstii, were conducted in control
(stagnant), upwelling, and downwelling flow configurations. Results from behavioral
analyses reveal species-specific threshold shear strain rates that trigger individual
behavioral responses for all zooplankton species tested. Furthermore, results show
statistically significant changes in behavior (relative swimming speed and/or turn
frequency and/or heading) for all species tested in response to the coherent shear
structure. These results show that changes in path kinematics can induce depth-
keeping behavior and can significantly increase proportional residence time (PRT =
percent time spent in the jet structure). On a population scale, the observed behav-
ior can lead to dense aggregations around persistent flow features, which is consistent
with numerous field studies. It is likely that gradients of vertical velocity may act as
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an initial mechanosensory cue for zooplankters to optimize habitat partitioning and
locate high-density food, nutrient, and mate patches.
5.2 Conclusions
When interpreting behavioral responses to persistent shear structure with finite and
static spatiotemporal characteristics, it is important to consider all of the follow-
ing when assessing the full ecological implications of the observed behaviors: zoo-
plankton morphology and energetics, ecological and hydrodynamic realities in situ,
stage-dependent life goals, and the presence or absence of other sensory cues.
The results of this study indicate that shear-triggered depth-keeping behavior and
aggregation around persistent vertical flow structures by individual zooplankters, at
a variety of spatiotemporal scales and for a variety of ecological reasons, is likely
a ubiquitous behavior among the zooplankton and a possible mechanism that acts
to produce considerable patchiness both vertically (by depth-keeping behavior) and
horizontally (by aggregation around frontal features) in estuarine and coastal marine
ecosystems. It is possible that gradients of vertical velocity may act as an initial
mechanosensory cue for zooplankters to optimize habitat partitioning and locate high-
density food, nutrient, and mate patches.
Quantifying basic biophysical mechanisms that generate patchy productivity in
coastal marine ecosystems is fundamental to developing sustainable tools for fish-
ery conservation. The simplicity of well-designed laboratory studies coupled with in
situ field data and quantitative tools from experimental fluid mechanics allows us to
confidently extrapolate our laboratory findings to the ecosystem-level.
5.3 Future Directions
A large majority of ecologically-relevant vertical flows in coastal marine ecosystems
coincide with sharp horizontal gradients in watermass biochemical properties, as in
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frontal, Langmuir, and classical upwelling systems. It is possible that gradients of ver-
tical velocity act as an initial mechanosensory cue for a foraging zooplankter to locate
high-density food, nutrient, and mate patches coincident with persistent vertical flow
structure. Thus, a valuable extrapolation of the present study would be to evaluate
the individual and interactive effects of various other physical (temperature, salinity,
flow steadiness) and biochemical (organism size, hunger level, phytoplankton patches)
factors on zooplankton behavior as in previous experiments from a horizontal flume
(Woodson et al. 2005). This information would provide a valuable basis for building
individual-based ecosystem models (IBM) to evaluate the potential of species-specific
behavioral responses to produce patchniess via population scale aggregations. Indi-
vidual behavioral responses to sensory cues on the finescale (< 1 m) drive ecological
processes in the coastal ocean on the submesoscale (< 1 km). Extrapolating from
individual behavior to population scale phenomena helps shed light on the factors
regulating the spatiotemporal distribution of marine productivity.
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